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REMARKS 

Claims 1, 5, 6, 9-11 and 14-26 are pending. Claims 2-4, 7, 8, 12 and 13 are canceled; 
claims 1, 5, 6, 9, 10, 16 and 17 are amended; and claims 20-26 are added herein. 

Information Disclosure Statements with Forms PTO-1449 were filed in the 
above-identified patent application on March 26, 2001 and August 29, 2001. AppUcant has 
not yet received back fi*om the Examiner copies of the Forms PTO-1449 initialed to 
acknowledge the fact that the Examiner has considered the cited disclosed information. 
Thus, the Examiner is respectfully requested to initial and return to the undersigned copies of 
the subject Forms PTO-1449. For the convenience of the Examiner, copies of the forms are 
attached. 

A Request for Approval of Drawing Corrections was also filed on August 29, 2001, 
Applicant respectfiilly requests that the Examiner approve the proposed drawing corrections. 
It is noted that an explanation of the proposed drawing corrections is included at page 3 of the 
Preliminary Amendment filed August 29, 2001. 

Claims 3, 7, 8 and 13 are withdrawn fi-om consideration. Claims 3, 7, 8 and 13 are 
canceled herein. The specification is objected to for lacking an Abstract. An Abstract is 
added herein. 

Claims 6 and 16 are objected to for referring to a figure. Claims 6 and 16 have been 
amended to refer to SEQ ID NO: 7 rather than Fig. 2. In addition, claim 4 is objected to 
based on nonagreement of tense. Claim 4 has been canceled rendering the rejection moot. 
Thus, the objections should be withdrawn. 

Claims 1, 2, 4-6, 9-12 and 14-19 are rejected to under 35 U.S.C. §112, second 
paragraph, based on the recitation of the term "complementary." Claims 1, 9, 10 and 17 have 
been amended by replacing the term "complementary" with the term "hybridizes." Support 
for the amendment appears in the specification at page 5, line 9. The term "hybridizes" is not 
indefinite because the skilled man of the art would know that the measure of hybridization 
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required is in order to interfere in a sequence specific manner with the process of mRNA 
translation into protein, as taught by the specification on page 4, lines 18-20. Such 
interference of mRNA translation may be determined by standard methods well known to the 
skilled artisan, and do not require undue experimentation. Therefore, the rejection under 
35 U.S.C. §112, second paragraph, should be reconsidered and withdrawn. 

Claims 1, 2, 4-6, 10-12 and 14-19 are rejected under 35 U.S.C. §112, first paragraph, 
for allegedly being not enabled. Applicant respectfully traverses the rejection. 

The Office Action at page 6 indicates that "the therapeutic use of antisense 
oUgonucleotides was a highly unpredictable art due to obstacles that continue to hinder the 
therapeutic application of antisense in vivo." It is respectfully submitted that this is not 
accurate, as indicated in the attached Declaration under Rule 132. On the contrary, it is 
respectfully submitted that one of ordinary skill in the art could practice the present invention 
without undue experimentation. 

In particular, the present appUcation describes the expression of cDNA in an antisense 
orientation within an expression vector. It is respectfully submitted that utilizing antisense 
technology in this way is enabled, as demonstrated by the four references discussed in and 
attached to the attached Declaration, which describe the successful use of antisense therapies. 
The references cited by the Examiner, particularly to the extent that they are directed to 
antisense ODNs (oligodeoxynucleotides), do not teach or suggest that the techniques 
described in the present application cannot be successfully be used and that these techniques 
cannot provide target accessibility, or that the techniques provides unpredictable nonantisense 
effects. Quite the contrary, the attached references specifically teach that the methodology 
described in the present application can effectively be used. Thus, the Patent Office has 
provided no basis to assume that undue experimentation would be required to practice the 
present invention. Instead, as expressed in the Declaration under Rule 132, one of ordinary 
skill of the art is of the opinion that undue experimentation would not be required. 
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Claims 1, 2, 4-6, 10-12 and 14-19 are enabled by the present specification. Therefore, 
the rejection under 35 U.S.C. §112, first paragraph, should be reconsidered and withdrawn. 

Claim 9 is rejected under 35 U.S.C. §102 over Schaeffer et al., Chaikof et al., Mattson 
et al., and Herbert et al. Applicant respectfiilly traverses the rejection. 

Schaeffer, Chaikof, Mattson and Herbert each teach antisense oligodeoxynucleotides 
(ODNs) having 1 5-24 bases. These references do not teach an expression vector comprising 
an antisense molecule comprising a nucleotide sequence which hybridizes to an RNA 
sequence of a thrombin receptor protein, wherein the nucleotide sequence consist of between 
250 and 600 base pairs. Therefore, the rejection of claim 9 over these references should be 

reconsidered and withdrawn. 

Claim 9 is rejected under 35 U.S.C. §102(b) over Even-Ram et al. However, 
Even-Ram is not prior art under 35 U.S.C. § 102(b). hi particular, this reference was 
published in August of 1 998, which is less than a year before the February 5 , 1 999 

international filing date. 

Moreover, it is noted that the present inventor is one of the authors of Even-Ram. hi 
fact, she is the principal author, the other authors being her shidents. As indicated in the 
Declaration under 37 C.F.R §1 .132, to the extent that the subject matter recited in the rejected 
claims is also disclosed in Even-Ram, the present inventor is the only inventor of this subject 
matter. Thus, Even-Ram is also not prior art 37 C.F.R. § 102(a). 

Even-Ram is clearly not prior art under 35 U.S.C. § 102(b). Therefore, the rejection in 
view of this section should clearly be reconsidered and withdrawn. In addition, for the 
reasons discussed above, Even-Ram should not be appHed under a new paragraph of §102. 

In view of the foregoing, it is respectfully submitted that this application is in 
condition for allowance. Favorable reconsideration and prompt allowance of claims 1, 5, 6, 
9-11 and 14-26 are earnestly solicited. 
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Should the Examiner beUeve that anything further would be desirable in order to 
place this application in even better condition for allowance, the Examiner is invited to 
contact the undersigned at the telephone number set forth below. 
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lames A. Oliff 
Registration No. 27,075 

Melanie L. Mealy 
Registration No. 40,085 
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n STATES PATENT AND TRADEMARK OFFICE 



In re patent application of BAR-SHAVIT, RACHEL 




Serial No. 09/744,679 Group Art Unit: 1635 ^ 

Filed: 04/11/2001 Examiner: Lacourciere, K.a1v^ ^ 



For: METHOD FOR TREATMENT OF INVASIVE CELLS ^ <^ \^ 



DECLARATION ^ 
under Rule 132 



Commissioner of Patents and Trademarks 
Washington, D.C. 20231 

I, Rachel Bar Shavit, an Israeli citizen residing at Ramat Sharet, Jerusalem, Israel, 
hereby declare: 

1. I am currently a Research Group Team Leader (Senior Lecturer) in the 
Departments of Experimental Medicine & Cancer Research and of Oncology, 
Hadassah-Hebrew University Hospital, Jerusalem, Israel. 

2. My Curriculum Vitae and list of publications is attached herewith as Annex 
"A". My fields of expertise include biology of tumors and angiogenesis. 

3. I am the inventor of U.S. Patent Application No. 09/744,679 (hereinafter "the 
application"). The appUcation describes the use of an antisense molecule comprising 
a nucleotide sequence which is complementary to an RNA sequence of a PAR 
protein for treating metastatic tumor cells (hereinafter "the invention"). 

4. I am also familiar with the comments of the examiner in the office action dated 
December 23, 2002 (hereinafter "the office action"). 

5. It is stated on page 6 of the office action that "the therapeutic use of antisense 
oligonucleotides was a highly unpredictable art due to obstacles that continue to 
hinder the therapeutic application of antisense in vivo". In my professional opinion, 
this statement is not accurate. 

6. Firstly, I would like to point out that the invention relates to the expression of 

cDNA in an antisense orientation within an expression vector (see Example 3 on 

page 15 of the application), and not to antisense oligonucleotides (ODN) which are 

generally <30 base pairs in length. Therefore, the alleged unpredictability of the use 
013033 12\37-01 



of ODNs is not relevant to the invention. 

7. Secondly, I believe that antisense therapeutics has matured and can be 
considered as an acceptable method of treatment not requiring undue 
experimentation. In support of the above, I wish to mention the following examples 
of the successful use of antisense therapeutics, particularly in the treatment of 

metastatic tumor cells: 

One. Jen& Gewirtz (Stem Cells (2000) 18:307-319) present a thorough 
review of the subject, including the introduction of antisense nucleic acids 
into a cell in the form of RNA expressed from a vector which has been 
transfected into the cell (Annex B); 

Two. Yang, et al (J. Gastroent. HeptoL (2003) 18:296-301) describe cells 
transfected with a plasmid vector expressing IGF-IIR cDNA in the 
antisense orientation. The antisense genes significantly restrained the 
malignant behavior of human hepatoma cells (Annex C); 

Three. Tavian, et al (Cancer Gene Ther. (2003) 10: 1 12-20) describe a cell line 
stably transfected with an expression vector containing a u-P A cDNA in 
the antisense orientation. The transfected cells showed a significant 
reduction in proliferation, Matrigel invasion and motility assays (Annex 
D); 

Four. Zhang, et al (Oncogene (2003) 22:2405-16) describes suppression of 
the malignant phenotype by the expression of the full-length antisense 
human telomerase RNA delivered by an adenovirus vector (Annex E). 

8. It is further stated on page 7 of the office action that ''cell culture examples are 
generally not predictive o/in vivo inhibition^'. Here also, I disagree. 

9. Abnost all progress in biomedical research begins with experimental work using 
tissue culture and other in vitro methods. This approach is imiversally accepted in 
the scientific world as a first step towards developing in vivo treatments. If, as the 
examiner claims, cell culture examples were not predictive of in vivo applications, 
their use would not be as widespread as it is. hi fact, all of the references cited by the 
Examiner agamst Claun 9 base their results on cell culture examples. Schaefifer uses 
human umbilical vein endothelial cells, Chaikof and Herbert use smooth muscle cells 
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and Mattson uses a human neuroblastoma cell line. It thus appears that the Examiner 
himself accepts these references as serious scientific papers, including the methods 
used by these authors. 

10. The undersigned declares further that all statements made herein of her own 
knowledge are true and that all statements made on information and belief are 
believed to be true; and further that these statements were made with the knowledge 
that willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States Code and 
that such willful false statements may jeopardize the validity of the application or 
any patent issuing thereon. 




Dr. Rachel Bar Shavit 
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Abstract 

At least throe different approaches may be used for 
gene targeting including: A) gene knockout by homolo- 
gous recombination; B) employment of synthetic oligonu- 
cleotides capable ot hybridizing with DNA or RNA, and 
C) use of polyamides and other natural DNA-bonding 
molecules called Icxitropsins. 

Targeting mRNA is attractive because niRNA is more 
accessible than the corresponding gene. Three basic 
strategies have emerged for this purpose, the most famil- 
iar being to introduce antisense nucleic acids into a cell in 
the hopes that tliey will form Watson-Crick base pairs 
with the targeted gene's mRNA. Duplexed niRNA cannot 
be translated, and almost certainly initiates processes 
which lead to its dcstmction. The antisense nucleic acid 
can take the form of RNA expressed from a vector which 
has been transiected into the cell, or take the form of a 
DNA or RNA oligonucleotide which can be introduced 
into cells through a variety of means. DNA and RNA 
oligonucleotides can be modified for stal)ility as well as 
engmeered to contain inherent cleaving activity. 



It has also been proven that because RNA and DNA 
are very similar chemical compounds, DNA molecules 
with enzymatic activity could also be developed. This 
assumption proved correct and led to the development of 
a "general-purpose" RNA-cleaving DNA enzyme. The 
attraction of DNAzymes over ribozymes is that they are 
very inexpensive to make and that because they are com- 
posed of DNA and not RNA, they are inherently more 
stable than ribozymes. 

Although mRNA targeting is impeccable in theory, 
many additional considerations must be taken into 
account in applying these strategies in living cells 
including mRNA site selection, drug delivery and 
intracellular localization of the antisense agent. 
Nevertheless, the ongoing revolution in cell and molecular 
biology, combined with advances in the emerging disci- 
plmes of genomics and informatics, has made the concept 
of nontoxic, cancer-specific therapies more viable then 
ever and continues to drive interest in this field. Stem CeUs 
2000; J 8: 307-3 1 9 



Introduction 

The notion lhai gene expression could be modified 
through use of exogenous nucleic acids derives from stud- 
ies by Paterson et ciL who first used single-stranded DNA 
to inhibit translation of a complementary RNA in a cell-free 
system in 1977 [1]. One year later, Zamecnik and 
Stephenson noted that a short (13nt) DNA oligonucleotide 
reverse complementary in sequence (antisense) to the Rous 



sarcoma virus could inhibit viral replication in culture [2]. 
This observation is credited as being among the first to sug- 
gest the therapeutic utility of antisense nucleic acids, a con- 
cept which ultimately led to the awarding of a Lasker Prize 
in Medicine to Dr. Zamecnik. In the mid 1980s, the exis- 
tence of naturally occurring antisense RNAs and their role 
in regulating gene expression was demonstrated [3-5]. 
These observations were particularly important because the 
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fact that naturally occurring antisense nucleic acids played 
a role in regulating gene expression lent support to the 
belief that exogenously introduced reverse complementary 
nucleic acids might be utilized to manipulate gene expres- 
sion in living cells. These seminal papers, and the literally 
thousands which have followed, have stimulated the devel- 
opment of technologies employing nucleic acids to manip- 
ulate gene expression. Virtually all available methods rely 
on some type of nucleotide sequence recognition for target- 
ing specificity, but differ where and how they perturb the 
flow of genetic information [6]. Simply stated, strategies 
for modulating gene expression may be thought of as being 
targeted to the gene itself, or to the gene's messenger RNA 
(mRNA). Since this review will be focused on strategies 
aimed at disrupting the use of mRNA, antigene strategies 
will be addressed only briefly and mainly for the sake of 
completeness. 

Antigene Strategies 

At least three different approaches may be utilized for 
direct gene targeting. The "gold standard" is the gene 
"knock-out" achieved by homologous recombination [7, 8], 
This approach results in the actual physical disruption of the 
targeted gene as a result of crossover events which occur 
during cell division between the targeting vector and the 
gene selected for destruction (Fig. 1 A). Homologous recom- 
bination is extremely powerful, but the technique is ham- 
pered by the fact that it remains inherently inefficient, 
time-consuming, and expensive. While improvement in the 
efficiency of this process has been achieved [9, 10], this is a 
method which remains restricted to use in cell lines and ani- 
mal models, if for no other reason than selection is required 
to find the cells in which the desired events have taken 
place. In clinical situations where high efficiency gene dis- 
ruptions are required, it seems unlikely that this approach 
will serve as a useful therapeutic modality anytime in the 
foreseeable future. 

A second option for gene targeting employs synthetic 
oligodeoxynucleotides (ODN) capable of hybridizing with 
double-stranded DNA [1 1-13]. Such hybrids are typically 
formed within the major groove of the helix, though 
hybridization within the minor groove has also been 
reported [14]. In either case, a triple-stranded molecule is 
produced, hence the origin of the term triple helix-forming 
oligodeoxynucleotide (TFO) (Fig. IB). TFOs do not 
destroy a gene but prevent its transcription either by pre- 
venting unwinding of the duplex or preventing binding of 
transcription factors to the gene's promoter. TFO sequence 
requirements are based on the need for each base compris- 
ing the TFO to form two hydrogen bonds (Hoogsteen 
bonds) with its complementary base in the duplex. This 



constrains TFOs to hybridization with the purine bases 
composing polypurine-polypyrimidine tracks within the 
DNA. The targeting efficiency of TFOs is further con- 
strained by a number of factors, including need for divalent 
cations, and perhaps most importantly, by access to DNA 
compacted within the chromosome structure. Recent 
experiments from Wang et al and Kochetkova et ai have 
provided evidence that triple helix formation can occur in 
living cells, suggesting that these difficulties may ulti- 
mately be overcome [15-17]. If shown practical, it has also 
been postulated that TFOs may prove useful in the treat- 
ment of certain genetic disorders such as sickle cell ane- 
mia, and hemophilia B, where their ability to trigger repair 
mechanisms might be used to correct single base pair 
mutations responsible for the disease [15, 18-20]. 

Final approaches worth mentioning are the use of spe- 
cific nucleic acid sequences to act as "decoys" for tran- 
scription factors [21, 22], and the use of polyamides and 
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other natural DNA-binding molecules called lexitropsins, 
that bind to specific bases in the minor groove of DNA [23, 
24]. The use of decoy molecules evolves from the knowl- 
edge that transcription factor proteins recognize and bind 
specific DNA sequences, in theory then, it is possible to 
synthesize nucleic acids which will effectively compete 
with ihe native DNA sequences for available transcription 
factor proteins in vivo. If effective, the rate of transcription 
of the genes dependent on the particular factor involved 
will diminish. Unless single gene transcription factors can 
be identified, it is difficult to conceive how this approach, 
though potentially effective for controlling cell growth, can 
be made gene-specific. The polyamide approach may prove 
feasible since sequence-specific molecules can likely be 
designed and it appears that molecules of this type can 
easily access DNA within the chromosomes [23-25]. 

Anti-mRNA Strategies 

A gene may be effectively "silenced" by destabilizing 
its mRNA, thereby preventing synthesis of the protein it 
encodes. Targeting mRNA, while less favorable than anti- 
gene strategies from a stoichiometric point of view, is 
nonetheless attractive because mRNA is in theory more 
accessible. Three basic strategies have emerged for this 
purpose. One employs an oligonucleotide that acts as an 
alternate binding site, or "decoy," for protein-stabilizing 
elements that normally interact with a given mRNA [26, 
27]. By attracting away mRNA-stabilizing protein, the 
decoy induces instability, and ultimately destruction, of the 
mRNA. A newly developing approach is to affect RNA 
interference (RNAi) or post-transcriplional gene silencing 
[28, 29]. RNAi employs a gene-specific double-stranded 
RNA which, when introduced into a cell, leads to diminu- 
tion of the targeted mRNA. The actual mechanism whereby 
this is accomplished is presently unknown but is under 
intense investigation with several clues being deciphered 
already [30, 3 1] including size and necessity for processing 
of the targeting dsRNA. In C. elegans and Drosophila this 
is a highly reproducible method for disrupting gene expres- 
sion. Some reports suggest that this technique can be 
adapted for use in mammalian cells [32], bui this remains 
uncertain at the moment. Finally, there is the more familiar, 
and more widely applied "antisense" siraiegy. We will 
focus on the latter. 

Antisense (reverse complementary) nucleic acids are 
introduced into a cell in hopes that they will form Watson- 
Crick base pairs with the targeted gene's mRNA. As 
stated above, duplexed mRNA cannot be translated, and 
almost certainly initiates processes which lead to its 
destruction. The antisense nucleic acid can lake the form of 
RNA expressed from a vector which has been transfected 
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into the cell [33], or take the form of a DNA or RNA 
oligonucleotide which can be introduced into cells 
through a variety of means. DNA and RNA oligonu- 
cleotides can be modified for stability as well as engi- 
neered to contain inherent cleaving activity [34, 35]. A 
number of these issues will be discussed in more detail in 
the sections below. 

Antisense Oligonucleotides (AS-ONs) 

AS-ONs are short stretches of nucleotides that are com- 
plementary to a region of targeted mRNA and can specifi- 
cally suppress expression of that particular transcript. The 
following discussion will focus on the fundamental concepts 
concerning AS-ONs and their mechanisms of action. 
Examples of AS-ON use in experimental and clinical settings 
have been recently reviewed [36-38]. 

The exact mechanism of AS-ON action remains 
unclear, but it is known to be different for various types of 
AS-ONs. Generally, these molecules block gene expression 
by hybridizing to the target mRNA, resulting in subsequent 
double-helix formation. This process can occur at any point 
between the conclusion of transcription and initiation of 
translation, or even possibly during translation. Disruption 
of splicing, transport, or translation of the transcripts are all 
possible mechanisms, as is stability of transcript. Therefore, 
a major question is whether AS-ONs are most effective in 
the cytoplasm or nucleus. In the case of antisense 
oligodeoxyribonucleotides (AS-ODNs), cellular RNase H 
is able to bind to the DNA-RNA duplex and hydrolyze the 
RNA, resulting in increased transcript turnover. Any modi- 
fication to the deoxy moiety at the 2'-sugar position 
prohibits RNase H action. 

Modified AS-ONs or AS-ON analogs are often 
employed for in vivo antisense applications due to their 
increased stability and nuclease resistance. A longer serum 
half-life ensures that the AS-ON has ample time to reach 
and interact with its target mRNA. Phosphorothioate AS- 
ODNs are most widely used due to their long serum half- 
life and the fact that they are a suitable RNase H substrate. 
However, phosphorothioates display high affinity for vari- 
ous cellular proteins, which can result in sequence-nonspe- 
cific effects [39, 40]. Furthermore, high concentrations of 
phosphorothioates inhibit DNA polymerases and RNase H, 
which may render them ineffective as antisense agents [41]. 
Interestingly, many AS-ONs with ^-modifications with 
groups such as 0-methyl, fluoro, O-propyl, 0-allyl, or 
many others exhibit greater duplex stability with their tar- 
get mRNA along with antisense effects independent of 
RNase H (Fig. I). These modifications create bulk at the 2' 
position, causing steric hindrance to play a significant role 
in increasing nuclease resistance. Nucleotide analogs 
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generally are also nuclease-resistant and ofien demonstrate 
superior hybridization properties due to modified backbone 
charge, although they usually are not acceptable substrates 
for RNase H. One example is peptide nucleic acid (PNA) 
where the sugar-phosphate moiety has been replaced by 2- 
aminoethyl glycine carbonyl units [42]. To these units are 
attached nucleotide bases spaced equally apart to DNA 
nucleotide bases. Instead of phosphodiester linkages 
between nucleotides, peptide bonds join the monomers to 
create a backbone neutral in charge. Noi only do PNA 
oligomers hybridize to complementary DNA and RNA by 
Watson-Crick base pairing, they do so more quickly [43] 
and with greater affinity [42-44] because of the neutral 
backbone. In addition, PNAs are better at discriminating 
between base pair mismatches [44] and form less nonse- 
quence-specific associations with proteins than phosphoro- 
thioate oligonucleotides [45]. Positive charges can also be 
introduced to backbone structure as in the case of (2-amino- 
ethyOphosphonates. increased stability of duplex formation 
with both RNA and DNA has been reported with hybrid 
stability being more pH-dependent and less salt-dependent 
than natural RNA or DNA duplexes [46]. 

Some insight into the mechanism of AS-ON action has 
emerged recently through the work of Baker and colleagues 
(unpublished). Differences in ability to inhibit gene expres- 
sion occur when either 2'-modified AS-ONs or 2'-unmodi- 
fied AS-ONs are targeted to the exon 9 region of interleukin 
5 (IL-5). Two forms of lL-5 exist: a soluble !L-5 lacking the 
exon 9 region, and a membrane-bound form, which con- 
tains exon 9. When unmodified AS-ONs are targeted to 
exon 9 of the IL-5 transcript, the expression of both mem- 
brane-bound and soluble IL-5 is inhibited. However, 2'- 
modified AS-ONs only suppress membrane-bound lL-5 
expression. These observations seem to suggest that RNase 
H-dependent antiscnse effects are a nuclear event prior to 
splicing, whereas RNase H-independent oligonucleotides 
may affect splicing in transcript processing or may suppress 
gene expression after splicing has taken place. Additional 
evidence demonstrates that in the absence of RNase H 
activity, antisense effects may be a result of interference 
with translational initiation complex formation for certain 
types of 2'-modified AS-ON such as 2'-0-(2-methoxy) 
ethyl AS-ONs [47]. 

Ribozynies 

Naturally occurring ribozymes are catalytic RNA mol- 
ecules that have the ability to cleave phosphodiester link- 
ages without the aid of protein-based cn/.ymes. This 
property has been exploited to specifically inhibit gene 
expression by targeting mRNA for catalytic cleavage espe- 
cially in viral, cancer, and genetic disease therapeutics [48]. 



Similar to AS-ONs, ribozymes bind to substrate RNA 
through Watson-Crick base pairing, which offers sequence- 
specific cleavage of transcripts. Ideally, these agents should 
trigger enhanced transcript turnover as compared to RNase 
H-mediated AS-ON degradation of transcripts, considering 
ribozymes act through bimolecular kinetics (association of 
ribozyme and target transcript) whereas RNase H-depen- 
dent AS-ONs rely on trimolecular kinetics (association of 
AS-ON, target transcript, and RNase H). Since ribozymes 
are RNase H-independent, 2'-modifications to increase sta- 
bility do not diminish antisense effects and experiments 
have shown some modifications do not attenuate catalytic 
ability [49]. Unlike AS-ONs, ribozymes can be expressed 
from a vector, which offers the advantage of continued pro- 
duction of these molecules intracellularly [50, 51]. 
However, stable transformation of cells in vivo has its own 
complications and will not be discussed in this review. 

If ribozymes are to perform effectively as "enzymes." 
they must not only bind substrate RNA but also dissociate 
from the cleavage product in order to act on additional sub- 
strates. Studies suggest that in some cases, dissociation of 
cleavage product may be the rate-limiting step [52, 53]. 
Furthermore, some ribozymes require high divalent metal 
ion concentrations for efficient substrate cleavage, which 
may limit their use in intracellular environments [54]. All 
of these concerns need to be addressed and overcome in 
order for ribozymes to have a future in medical therapy. 
Two ribozymes, the hammerhead ribozyme and the hairpin 
ribozyme, have been extensively studied due to their small 
size and rapid kinetics. Their application has been recently 
reviewed in several publications [55-59]. 

Hammerhead Ribozymes 

The hammerhead ribozyme consists of a highly con- 
served catalytic core, which will cleave substrate RNA at 
NUH triplets 3' to the H, where N is any nucleotide, U is 
uracile, and H is any nucleotide but guanidine (Fig. 2) [34]. 
In fact RNA cleavage may be less restricted since recent 
studies demonstrate exceprions to the "NUH" rule. 
Investigators have established that cleavage can actually 
occur 3' to any NHH triplet [59]. Furthermore, in vitro 
selection protocols have made it possible to screen for 
ribozymes with various cleavage specificities including 
one that cleaves at AUG sites [60]. Thus, the limitations 
for sequence specificity of triplet-cleavage sites on the tar- 
get RNA are less than previously thought. In addition to 
the catalytic core, a particular cleavage site in a target 
RNA can be specifically recognized by the hammerhead 
ribozyme arms. By creating complementary sequences in 
the arms to sequences flanking the cleavage site, the 
ribozyme will hybridize specifically to the RNA of interest. 
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Figure 2. Hammerhead ribozyme (top strand) hybridized to tar- 
get HNA. Arrow indicates postilion of cleavage. N = A, G, T, or 
C; N' = nucleotide complementary to N; H = any nucleotide but 
G: Y = pyrimidine nucleotide; R = purine nucleotide complementary 
to Y. Adapted from [56]. 

Subsequent cleavage will then be directed towards that 
particular position. 

The catalytic ability of hammerhead ribozymes is 
dependent on the presence of divalent metal ions, of which 
magnesium is most often used in vitro. It is postulated that 
the ions not only participate in RNA folding but also in the 
cleavage step itself [54]. As mentioned previously, studies 
indicate that catalytic activity requires relatively high Mg^^ 
concentrations compared to the intracellular environment. 
This characteristic could be problematic in applying the 
hammerhead ribozyme to an in vivo setting where intra- 
cellular Mg^^ concentrations are 5- to 10-fold lower than 
optimal in vitro conditions. 

Much evidence supports diminished mRNA levels and 
gene products directly due to hammerhead ribozyme 
delivery. There is idso indication from reverse transcrip- 
tase-polymerase chain reaction (RT-PCR) and reverse lig- 
ation (RL)-PCR protocols of messenger RNA cleavage at 
the targeted position in cellular RNA extracts [61, 62]. 
Recently, more potent ribozyme-mcdiated effect on viral 
and cancer cell growth compared to noncatalytic RNAs 
was reported [63, 64]. However, in some instances, ham- 
merhead ribozymes have not proven to be more effective 
than AS-ON and instead give equal degrees of gene sup- 
pression. Likewise, inactive control ribozymes where 
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antisense binding can occur, but catalytic ability has been 
abolished, give similar levels of gene inhibition when 
compared to fully catalytic hammerhead ribozymes, sug- 
gesting that the catalytic core, in some instances, plays lit- 
tle role in enhancing antisense effects [65], Only further 
detailed studies will reveal the true utility of hammerhead 
ribozymes. 

Hairpin Ribozymes 

The natural hairpin ribozyme is derived from a negative 
strand of the tobacco ringspot virus satellite RNA. Work on 
engineered hairpin ribozymes has resulted in a broader 
range of cleavage-sequence specificity. In general, a phos- 
phodiester cleavage takes place 5' to the G in the sequence 
NGUC where N is any nucleotide [66], although recent 
studies have shown even less restriction on sequence 
requirements for cleavage [67], 

The overall structure of the hairpin ribozyme consists 
of two domains connected by a hinge section (Fig. 3), One 
domain binds the substrate RNA to form two helical 
regions separated by a pair of single-stranded loops. 
Cleavage occurs within the single-stranded area of the sub- 
strate RNA. The other domain is similar in structure except 
the helixes are formed from the ribozyme folding back onto 
itself. The most important sequences for cleavage activity 
are those within the single-stranded regions where almost 
every nucleotide is conserved, while the helical portions 
can be almost any sequence as long as there is double-helix 
formation [58]. The hinge allows the two domains to be 
flexible relative to one another in space so that the two can 
dock together in an antiparallel orientation required for 
cleavage catalysis [68, 69], 

Both the hairpin and hammerhead ribozymes require 
metal ions for cleavage catalysis. In the hammerhead 
ribozyme, metal ions are believed to be involved directly in 
the cleavage step [54, 70], whereas metal ions have not 
been implicated to be directly involved with cleavage for 
the hairpin ribozyme [71], The metal ions in hairpin 
ribozymes may instead play an important role in ribozyme 
structure [72], Fluorescence resonance energy transfer 
(FRET) studies on docking of the two domains show that 
docking is metal-dependent, but almost any metal will suf- 
fice even though they may not support cleavage [73], In 
addition, docking is not the rate-limiting step, and since 
metal ions are not thought to be involved in the chemical 
cleavage step, it can only be assumed that there is a slower 
step in between docking and chemical cleavage. 

One of the advantages offered by hairpin ribozymes is 
their unique ion-dependence for catalytic action. One 
group has shown that aminoglycoside antibiotics with at 
least four amino groups are able to both support and to 
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inhibit hairpin ribozyme cleavage depending on metal ion 
conditions [74]. In the presence of magnesium, aminogly- 
coside antibiotics inhibit ribozyme cleavage with the 
degree of inhibition depending on the binding affinity of 
the antibiotic to the ribozyme. However, in the absence of 
metal ions, aminoglycoside antibiotics prove to assist 
cleavage with an optimum reaction condition at pH 5.5 and 
poorer kinetics as the pH is increased, exactly opposite to 
trends observed for magnesium. In this case, the metal ions 
are most likely being replaced by the amino groups of 
these antibiotics. 

Polyamines such as spermidine and spermine have 
also been reported to support hairpin ribozyme cleavage 
ability. In the absence of magnesium, spermidine allows 
the cleavage reaction to persist at very slow kinetics com- 
pared to magnesium alone [72]. However, spermine alone 
gives very efficient cleavage of RNA comparable to that 
of magnesium, and when in the presence of low magne- 
sium concentrations similar to intracellular conditions, 
spermine displays considerable increase in cleavage rates 
[74]. The fact that spermine is the major polyamine in 
eukaryotic cells may explain why the hairpin ribozyme has 
shown remarkable intracellular cleavage activity in mam- 
malian cells and may make future therapeutic endeavors 
with the hairpin ribozyme much easier [75]. 

DNA/ynies 

While investigating ways to improve the function of 
ribozymes. Breaker and Joyce made the assumption that 
because RNA and DNA are very similar chemical compounds, 



Figure 3. Hairpin ribozyme in the docked 
position. The two loop regions associate with 
each other in order to cleave the substrate 
RNA. Arrow indicates position of cleavage. 
Adapted from [58]. 

DNA molecules with enzymatic activ- 
ity could also be developed [76]. This 
assumption proved correct and led to 
the development of a "general-purpose" 
RNA-cleaving DNA enzyme [77]. The 
molecule was identified from a library 
of >I,000 different DNA molecules by 
successive rounds of in vitro selective 
amplification based on the ability of 
individual molecules to promote Mg^"^- 
dependent, multiturnover, cleavage of 
an RNA target. 

The selected molecule was named 
the "10-23 DNA enzyme," because it 
was derived from the 23rd clone 
obtained after the 10th round of selec- 
tive amplification [77]. The "10-23 DNA enzyme" is 
composed of a catalytic domain of 15 deoxynucleotides, 
flanked by 2 substrate-recognition domains of -8 nucleo- 
tides each (Fig. 4). The recognition domains provide the 
sequence information required for specific binding to an 
RNA substrate. They also supply the binding energy required 
to hold the RNA substrate within the active site of the 
enzyme. It is sU-aightforward that by appropriately designing 
the flanking sequences, the DNAzyme can be made to cleave 
virtually any RNA that contains a purine-pyrimidine 
junction. 

The attraction of DN Azymes over ribozymes is that they 
are very inexpensive to make and that because they are com- 
posed of DNA and not RNA, they are inherently more stable 
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than ribozymes. Nevertheless, DNAzymes must ultimately 
overcome the same problems faced by ribozymes and 
oligonucleotides if they are to be effective in cellular sys- 
tems (see below). These are stability, ability to be targeted 
to the cell of interest, ability to achieve sufficient intracel- 
lular concentration to cleave to the targeted mRNA, ability 
to hybridize with their mRNA target, and lack of toxicity. 
In this regard, many of the chemical modifications 
employed to stabilize ODNs can be incorporated into the 
1 0-23 DNA enzyme without loss of activity. There is a sug- 
gestion from recent reports that issues of intracellular con- 
centration and target hybridization may also be solvable 
[78, 79]. 

Application of the "Antisense" Strategy 

Although antisense interference methods appear 
impeccable in theory, many additional considerations 
must be taken into account in applying the strategy in liv- 
ing cells. Since both AS-ONs and ribozymes are consid- 
ered oligonucleotides, quite often similar solutions can be 
offered to address the problems encountered. As men- 
tioned earlier, increasing stability of antisense agents can 
be easily achieved through nucleotide modifications or 
analoiis. However, additional considerations crucial to 
reliable experimental outcome include mRNA site selec- 
tion, drug delivery, and intracellular localization of the 
antisense agent. 

mKNA Site Selection 

Within living cells, transcripts exist in low energy con- 
formations in which secondary structures dominate in fold- 
ing the linear polymer. In addition, interactions with 
cytoplasmic proteins produce further structural properties. 
The end result is that much of the mRNA sequence is hid- 
den and only partial sequences within the total mRNA 
length are accessible for hybridization. RNA folding pro- 
grams that generate three-dimentional folding patterns 
based on free energy calculations often give an unreliable 
depiction for in vivo relevance. Therefore, a good empirical 
method to probe for suitable sites is necessary. 

A system to probe for suitable sites in mRNA for AS- 
ON or ribozyme-targeting has recently been established 
using RNase H cleavage as an indicator for accessibility of 
sequences within transcripts [80]. A mixture of ODNs that 
arc complementary to certain regions of a transcript is 
added to cell extracts and exposed to RNase H. RT-PCR of 
the transcript can then be used to show which ODNs actu- 
ally had access to the transcript and hybridized in order to 
create an RNase H-vulnerable site. Combining this method- 
ology with computer-assisted sequence selection may 
enhance this approach as well [81]. 
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Another technique currently being tested is the use of 
molecular beacons for site selection {Gewinz et aL, 
unpublished). These molecules are ODNs with the ability 
to form stem-loops where the loops are targeted to 
regions of the transcript [82]. The stems have a fluo- 
rophore linked to either the 5' or 3' end and a quencher 
molecule is attached to the other so that in the stem-loop 
configuration, fluorescence is not observed due to the 
proximity of the quencher molecule to the fluorophore. 
However, when hybridization proceeds, the act of form- 
ing a double helix between the loop and the transcript 
causes unfolding of the stem-loop and brings the 
quencher and fluorophore apart in space. Thus, fluores- 
cence should increase as a result of hybridization. 
Currently, these molecules are being applied to probe for 
accessible sites within mRNA with very encouraging 
results {Jen and Gewirtz, unpublished). 

Delivery 

One of the major limitations for the therapeutic use of 
AS-ONs and ribozymes is the problem of delivery. Import 
of these compounds into cells can be accomplished by 
exogenous delivery in which presynthesized oligonu- 
cleotides come in direct contact with the plasma membrane, 
resulting in subsequent cellular uptake [83]. Naked 
oligonucleotides are poorly incorporated into cells in this 
fashion and often require a vehicle for efficient delivery. In 
tissue culture, many classes of compounds have been used 
as delivery vehicles including cationic liposomes, cationic 
porphyrins, fusogenic peptides, and artificial virosomes. 
These compounds share the characteristic of forming com- 
plexes with oligonucleotides through electrostatic interac- 
tions between the negatively charged oligonucleotide 
phosphate groups and positive charges contained by the 
vehicles themselves. In addition, some degree of protection 
from nuclease degradation is conferred to the oligonu- 
cleotide when associated with such delivery vehicles. Other 
strategies including cell permeabilization with streptolysin- 
O and electroporation have been used [84] but are restricted 
in utility for clinical settings. Presently, some success has 
been achieved in tissue culture, but efficient delivery for in 
vivo animal studies remains questionable. 

Cationic lipids form stable complexes with oligonu- 
cleotides, which exhibit improved cellular uptake [85-87]. 
The result is enhanced antisense activity. Further studies 
indicate that phosphorothioated ODNs dissociate from 
cationic lipids before entering the nucleus where it is free to 
hinder target transcript function [88]. These compounds 
have proven to be quite effective in cell culture and have 
been commercialized, but their relatively high cytotoxic 
properties may restrict their use. 
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Alternatives to cationic lipids are being explored. 
Recently, cationic porphyrins have proven to be effective 
vehicles for AS-ONs in tissue culture [89, 90]. Two 
cationic porphyrins used by Benimetskaya and colleagues, 
tetra(4-inethylpyridyl) porphyrin (TMP) and tetraanilinium 
porphyrin (TAP), demonstrate properties important for AS- 
ON delivery. 5'-fluorescein-labeled phosphorothioates 
show that both TMP and TAP more efficiently deliver AS- 
ONs into cells than naked AS-ONs. Nuclear fluorescence is 
observed after porphyrin/AS-ON complex exposure to cells 
while lluorescein labeled AS-ONs alone are taken up into 
vesicular structures. Thus, cationic porphyrins not only 
help AS-ON delivery into the cell, but they are also able to 
localize the AS-ON in the nucleus where mRNA and 
RNase H are present. FRET studies on the ability of 
cationic porphyrins to quench 5'-fluorescein-labeled phos- 
phorothioates suggest intracellular dissociation of the 
oligonucleotide from the porphyrin. 

Fusogenic peptides form peptide cages around oligonu- 
cleotides in order to boost oligonucleotide uptake. Many of 
these peptides contain polylysine residues, which cause mem- 
brane destabilization [91]. Others are derived from viral pro- 
teins such as the fusion sequence of HIV gp41 [92] and 
hemagglutinin envelop protein [93, 94]. Generally, these 
agents are less cytotoxic than lipids but are still able to 
achieve similar delivery efficacy. Artificial virosomes are 
another class of delivery vehicles which take advantage of the 
natural ability of a virus to gain entry into cells. Reconstituted 
influenza virus envelopes known as virosomes can fuse with 
endosomal membranes after internalization through receptor- 
mediated endocytosis [95]. Recently, cationic lipids have 
been incorporated into virosome membranes to further aid 
delivery [96, 97]. 

Finally, Dheur and colleagues have noted that while 
oligonucleotides delivered with lipofectins usually do not 
elicit antisense activity (likely because cationic lipid formu- 
lations do not protect unmodified oligonucleotides from 
nuclease degradation), a cationic polymer, polyethylenimine 
(PEl) [98], improves the uptake and antisense activity of 
antisense phosphodiester oligodeoxynucleotides (PO-ODN) 
[99]. Interestingly, PEl-phosphorothioate (PS) ODN parti- 
cles were efficiently taken up by cells but PS-ODN did not 
dissociate from the carrier. These investigators suggested 
thai I l ie low cost of PEI compared with cytofectins, the 
increased aifinity ibr target mRNA and decreased affinity for 
pioicins of PO-ODN compared with PS-ODN might make 
the use of PEl-PO-ODN very attractive. 

Localization 

in order lor AS-ONs or ribozymes to suppress gene 
expression, they must be colocalized to the same intracellular 
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compartment as their target mRNA. Intracellular trafficking 
seems to play an important role in the fate of these mole- 
cules since their spatial distribution does not correspond to 
simple diffusion. Many factors determine localization pat- 
terns of AS-ON and ribozymes including the antisense 
agent itself, delivery vehicle, and targeted cell type. In addi- 
tion, evidence for cell cycle-dependent localization patterns 
has been reported with nuclear localization predominantly 
in the G2/M phase [100]. 

mRNAs can exist in several cellular compartments 
including the cytoplasm, nucleus, and nucleolus. It remains 
unclear as to where oligonucleotides should be directed for 
most efficient antisense activity to occur, although endoso- 
mal localization usually predicts ineffective antisense 
response. The optimal site for mRNA degradation may be 
dependent on the type of antisense agent used [47]. 
Recently, ribozymes attached to small nucleolar RNAs 
(snoRNAs) called snoribozymes exhibited nearly 100% 
efficiency in cleaving a target RNA also localized to the 
nucleolus by snoRNA attachment [101]. Even though this 
particular experiment is based on cleavage of an artificial 
substrate, the expanding roles associated with the nucleolus 
may prove the nucleolus to be an important site to target 
mRNA degradation [102]. In another study, antisense RNA 
inserted within a variable region of ribosomal RNA (rRN A) 
proved to heighten ribozyme efficiency and may be due to 
colocalization of rRN A with mRNA [103]. 

Antisense Drug Design 

Certain issues to be aware of concerning antisense 
experimental design are quite important to the consistent 
and efficacious outcome of inhibiting gene expression. 
Even when the above considerations regarding the poten- 
tial problems of antisense experiments are addressed, other 
factors may come into play especially involving antisense 
drug design. Only two will be mentioned here: formation 
of G quartets and chirality of modified oligonucleotides. 
Purine-rich oligonucleotides, especially ones containing 
four consecutive guinine residues, have a tendency to form 
stable tetrameric structures under physiologic conditions 
[104]. The guinosines of single-stranded oligonucleotides 
are not restrained in space by rigid double-helix structure 
and can therefore form various hydrogen bonds not 
observed in Watson-Crick base pairing. Tetraplexes 
known as G quartets arise as a result. Dissociation rates of 
these structures may be quite slow and may prevent 
hybridization of AS-ONs or ribozymes to their target tran- 
script, rendering them ineffective as antisense agents. 
However, the absence of G quartet structures at 3TC under 
cellular salt conditions could mean that 0 quartet forma- 
tion is irrelevant at physiologic temperatures [105]. 
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Interestingly, nonsequence-specific gene inhibition by 
phosphorothioate oligonucleotides containing tetraguino- 
siiie tracts prove aptameric properties can play an important 
role in gene inhibition for some sequences of ONs [106]. 

Another important aspect to consider is the issue of chi- 
rality for certain oligonucleotides. Unmodified phosphodi- 
ester oligonucleotides do not have a chiral center at the 
phosphorous position. However, when a terminal oxygen 
of the phosphate is replaced by a sulfur, as in PS-ONs, 
the phosphorous gains chirality. The digestion kinetics of 
PS-ONs by 3'"exonucleases display bi-exponential decay 
with a fast and slow phase of digestion. These phases are due 
to stereoselectivity of the 3'-exonucleases on the chiral phos- 
phorothioate center [107]. A 25-mer containing a 3'-terminal 
internucleotide linkage in the S-configuration degrades 300- 
fold slower than the same 25-mer with an R-configuration 
phosphorothioate linkage. 

Conclusions 

The ongoing revolution in cell and molecular biology, 
combined with advances in the emerging disciplines of 
genomics and informatics, has made the concept of non- 
toxic, cancer-specific therapies more viable then ever. The 
recent development of a relatively specific biochemical 
inhibitor of the bcr/abl protein tyrosine kinase in patients 
with chronic myelogenous leukemia is a stunning example 
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of this principle [108]. For therapies focused on direct 
replacement, repair, or disabling of disease-causing genes, 
progress has been much slower and a successful equivalent 
to the biochemical bcr/abl inhibitor has yet to be achieved. 
In the case of anti-mRNA strategies, it is hoped that the 
above discussion will have made the reasons for this 
clearer. Given the state of the art, it is perhaps not surpris- 
ing that effective and efficient clinical translation of the 
antisense strategy has proven elusive. While a number of 
phase l/Il trials employing ONs have been reported [109- 
116], virtually all have been characterized by a lack of tox- 
icity but only modest clinical effects. A recent paper by 
Waters ex al. describing the use of a bcl-2-targeted ON in 
patients with non-Hodgkin's lymphoma is typical in this 
regard [117, 118]. 

The key challenges to this field have been outlined 
above. It is clear that they will have to be solved if this 
approach to specific antitumor therapy is to become a use- 
ful treatment approach. A large number of diverse and tal- 
ented groups are working on this problem, and we can all 
hope that their efforts will help lead to establishment of this 
promising form of therapy. 
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HEPATOCELLULAR CARCINOMA 

Effects of insulin-like growth factors-IR and -IIR antisense gene 
transfection on the biological behaviors of SMMC-7721 human 

hepatoma cells 

JJAN^MIN YANG, WEN-SIIENG CHEN, ZHI-P£NG LIU, YUAN-HUI LUG AND ^Til-WUM LIV 

Oanroermrohgy Research Center, Southwest Hospitah The Third Military Medical Umvemiy, Chongqing. 

China 



Background and Air?is: his^J\m-\\ke growch lactors (\C.P^) are closely related lo hepaiocdlulur 
cjircinrtma iifo'A/ih.1>ie study aim was to investigate the cfTtcis oflGF-IR and IGF-llR aniiscnsc s<^nc 
irnnsiedion on the biological behaviors of SMMC-7721 human hepatoma cells. . , tt. 
M^thod^- 7721-lGWR-AS cells (human hepatoma SMMC-7721 cells iransfected wiOi ^^^^--JRf^'^^' 
sense gene in our previous study) were tranfifccied with a plasmid vector exprcssitig iGl-lIK cUIN A in 
the anliscftie orientation by OO'lAP liposome, 77 2 l-IGF-R-AS ceUs were obtained by selection wiih 
G4 \H and hygromycin. Morphological changes of the celh were observed viith opiic am! clcctn.>n mn.ro- 
scopcR. hi ^nirc growth of the 7721-IGF-R-AS cells was observed with a soft agar test, M rv lesL and 
wirh naked mice inoculation test in xniio- , . • , . 

ResuUs: llie following changes were found in the SMMC-7721 cells after being iranslecied with the 
]C;p-IR and ICP-IIR antisense genesi (i) the degree of malignancy of the tumor cells as revealed by cell 
morphology wbk amclioraiedj (ii) the growth capability of the tumor cells in soft agar and ihdr iiumor- 
ii?eftit:ity in naked mice were signiticantly depressed. However, in the control groups, the S.VlM<.--772 1 
cells irartkfecied both with IGF4R and IGF-IIR sense cDNA and SMMC-772 1 cells irHnsiccted wnthoui 
any externa) genes, had no such changes. However, the cell growth curves had no significant diflerenccs 

among these three groups. ^ ^ r 

Conclusion: ICF-IR and IGF-IIR antisense genes could signiticantiy restrain the maUgnant behavior of 
humanhcpatoma cells and might be useful in investigating a potennal route for hepaioceUular carcmoma 
gene ihe/apy. 

tti) 2003 IJlacKwell l^iblishing Asia Pty Ltd 

Key words: antisense gene; hepatocellular carcinoma* insulin-like growth factors-lR and -IIR. 



INTRODUCTION 

llciyaUiCtlluiar carcinoma (HCC) is one of the mast 
Ciimmon malignant tumors in China. Clinical treat- 
men l, for this cancer remains difficult because its 
psJhogeneRifi ifl incompletely understood. With the 
rapid developmcni o1 molecular biological theories and 
iccliniqueSj as wet] as advances in basic research related 
to HOC m recent years* new knowledge about molec- 



ular pathogenesis of" HCC is coniinuously buinu 
revealed. In the recent years, more and more docu- 
ments have shown that overcxprcssion of insulin-iikc 
growth factors (IGFs) is one of ilic imponanl 
reasons responsible lor some rumor growths. Insulm- 
grxiwih factor antisense gene iransfcciion can inhibu 
growth of some tumors, such as prostate cancer, mcJii- 
nomas neurolioma, colon cancer and l3rea*it cano^r 
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In our previous &iuciics> single 1G1--1R or IGF-IIR 
ftnusen<ie genes were tran5;fecit:d into SMMC-7721 
hutn^n hepalomii cells. The resuUs showed that ihc 
proliferative abiliiy of rne iranslccicti tumor cells was 
deprcsbijd and the transcription kve) of IGl'-lK war 
si^nUicsnily aj>-fegulated slitir the IGF-UR g^ne 
sviiH ah<itfucted, b\)t there uere no obvious differenccii 
in iheif i^W growth curves.' 

To ouf kiiowlfrdee there hav< b«en no reports on what 
changes in biological behaviors happen in IICC 
iilLcr both IGF'IR and IGF-llR genes arc simulta^ 
n^fousiy obstructed- Tl^erefore, \vc performed such 
rttHCiirch with antt<^en<iC tcchniQues. 



METHODS 

Cell lines and culture 

The human hepatoma cell line (SMMC-7721) u-as 
obtained from Shanghai Get! Research Institute of 
Chinese Stic-niific Academy, stored and irensfer- 
cultured in our laboratory. SMMG-7721 cells trans- 
fecicd sviih IGF-IR sense or antiscnsc genes in our 
previous experiment were named as 7721-IGF-IR-S 
and 7721-IGF'1R-'AS eclls, respectively. The translcc- 
tion vector coniajncd hygro-gene.; 10% calf scrum, 
lODIU/mL penidllm and JOOiU/mL streptomycin in 
Rl*MI-l <j40 WAS uiicd as convcniionftl culture medium 
(40C^rn/mL neoinyein or lO0)im/mL hygromycin in 
the above tjonvenuonal culture medium was used as 
selective culture medium). Tlie culture procedures were 
taken i:nder 37**, 5%C02 and saturation humidicy. 



C(<Mic traiififccclon 

lOF'-HR sense and iintisense expression vectors Ccon- 
siructed with p<2MV plasrnid-coriteined Neo gene) and 
KJi'-UR cDNA probes were obtained from Shanghai 
l\iinor Kescatch Institute, Shangliai Medical Univer^ 
tiity/l'ho cjcpcrimcnial procedures of gene iransfection 
were taken according to the directions of DOTAF"^ 
liposome transfeciio/i kit. Foriy-eiglit hours after the 
tran^fection, the cells vtvre transfer-selection -cultured 
tor :^ weeks under the pressure of 400)j.m/mL G418 in 
the cutiure medium Then the resistance cells expanded 
to he cultured under tlie selective pressure of 200 \ml 
imL G us and 50 ^iWmL hyeromycin. The 7721-IGF' 
IR-S cells translerrcd with IGF-IIR sense^ eukaryor 
cxpres&ion vector were renamed as 7721 -TGF-R-S cells; 
whereas the 7721-IGF-IR-S cells transferred with IGF- 
iiKantiscnsc cukaryon expression vector were renamed 
<is T72i-rGF-R-AS u^Ils. 



c:eU genoiue DNA cxtr«cUon 

t ;dl genome DNA cxii action was performed according 
the directions of Highpure^" pUsmid extraction kit 
und Tripure^*^ nucleic &cid extraction kit (Roche, Basel, 
Swil'/erlandj 



Polymerase chain reaction 

A Souih2Norih''- llKi^-random primer marker k>t wa<. 
purchased from Pierce Riotcchnologv', Inc, Rockford 
IL, USA. A VCR kit was purchased trom Shanphui 
Promefta Corproration, USA- A pair ol' IGF-IIR 
primers were designed by ourselvcri using 
software (Primer Select 4.01) according to IGF-UK 




TCAACGT^), and its amplified product in IMSbp 
length were synthesized by the Shanghai Biocngineer 
ing Company, Shanghai, China. The external Rene cyr 
be speciftcally amplified because the sequence is iC)ai4 
enough and Japans at least one iniron. 200 n^ cej; 
genome DMA extracted from 7721-IGF-R-S or 7721- 
IGF-R-AS cells was used as the template lor polv- 
merase chain reaction (PGR) 'ilio reaction system 
was as foHowR: template DNA ^pLdNTP 
primer(Pl + P2)l'5pmol25mM MgO^ 2S\\U K) v 
PGR buffer 2.5|lLTaq polymerase 1 U, sterile water to 
^0^1- in 0.2 mL reaction lubc. After predegeneraiiv^n at 
95*C for 10 min in a PH cycler, 30 PGR cycles were per- 
formed at 94*^C for '>0r, 60°C for 50 s and 72^G for 
1 min, then extended to 10min.l>ie cell genome DNA 
extracted from 7721-IGF4R-S or 772I-1GF4R-AS 
cells was used as a negaiive control tennplate. 



Southern blot 

The procedures of Southern hlot ft>r evaluation PGR 
amplified product were performed according to the 
methods in Molecular Cloning.^ 



Hematoxylin-eosin staining 

Sterilized cover glasses were put into the holes of 6-holc 
plastic plates. Alter inoculation with the cells for 24 h, 
the glasses were then taken out of the »>olcs» fixed in 
10% formalin, stained with hcmatoxylin-eosin «nd 
observed under microscope. 



Electron nflJcroscopy 

After bcins bred into logarithm growth phase, cell sus- 
pension was obtained by digestion with a low concen- 
tration of pancreatin and repetitive bl<w-inhalinK with 
0 pipette. ITic cell suspension was rransfcrrcd mio a 
5rnL glass centrifugation tube and centril'uged at 
1200g for 5 min. The upper liquid was removed. *\itcr 
being washed with saline once, the precipitation was 
fixed in 3% glutaric dialdehyde for electron microscopy. 



MTT cell growth curve 

ThiR has been described elsewhere ^ The cells wen: 
cultivated for 8 days. 



Ooubk-dcck soft agar colony forming 
efficiency 

1>K' lA't-ri? pJitnitd m pla&cic rlatcs spread 

o^ia: low m^Jrin^^-tjOim tcgar (O.nVo in upper tayer and 
(>.'>% in low layer). kind of cclJ wn^ planted in tive 
ci die holes, with ZOOO cells in each hole. The cells were 
cuUivared under 'J 7*^0, 5%C02 and saiuraiion humid- 
fty thr 2 i u^cfiks. 1>ie ceils wilh larger (ban lOO^m in 
diameter or clone*; with more than 50 cells were 
Ck>unied under en invcn microscope- Clone lorm-rate 
Wiis calculated according io clone form nombct/ 
in.^cutaUAn cell number x 100%. 



7\ioiorigeoicily in nsikod mouse 

iSlx m)!Uic mice 4 weeks old (obtained from Animal 
Kwcarc-h Instiiuie ofThc Third Milirary Medical Uni- 
\x^rT;iiy3 c:hongqing, China,) bred in Specific pathogen 
tree conditions were randomly divided into two groups. 
Ff^r eadi mouse. 4x10^ SMMC-772) cells wtre inoc- 
\i!aied m the hack ol its left thigh as the control, while 
the (iflme number of 7V2l-lGi«-R-S or 772t*IGb'-H-AS 
cells were inoculated in it6 opposite side- The lumor 
dUmeter was accurate])* mca&urcd every 7 days. ITic 
jTivcc were killed aiter 6 weeks' observation. The tumor 
volume was circulated according lo L ^ W^/a (L, tumor 
length, rumor width). 



Statistical aivAlysift 

Di*Ty were expressed meant standard dcviAiion 
\xtSI>3- Varifitice analyfiis and r-tcsi lor non-match 
data were performed by a professional SPSS statistical 
program. 



Figure I PCR amplified product in i % ^duic gel. T Jinc : 
DNA markei- (1543* ^94, 697, 515, '577,* L^m " 

PCR product of 7721-IOF-R-S. Laiic 1. PCH product ot 
772J4GF-H-AS. Lane 4: PCR product of 7721-1GF-1R-.S. 
hanc 5: PCR prc>duct of 7721~rGF-IR-^VS. 



quentJy seen in these two groups of cells^ especially in 
the 7721-IGP'R-S cell group. Occasionally, the tumor 
giant-cells ^viih muitmuclei couid he found in the 772:- 
IGP-R-S cell group. However, there were much smulUr 
nuclei, a lower ratio of nuckus/cyioplasm and Itss fre- 
Quem kari'okincsis in the 772NKiH-R-AS cell proup 
(F15.2). 



UESULTS 

IdeutiQc^don of transfection 

As showed in Mjjurcl, ihc expect external DNA with 
niHbp in length couid be specifically amplified using 
ihc icmpiace DNA from 772I-IGF-R-S or 772KIGF- 
R-AS ceUs, hut cimld not he amplified using the 
^enipiaie DMA from control :7721-IGIMR-S or 7721- 
IGP-fR-A.S) cells. Hxpect bands could also be obviously 
observed in Soud-nirn blot film when an IGF-IIRDNA 
probu was used for hybridization. Therefore, IGF-UR 
jense 3nd antisense genes have been conducted into the 
772MGI-R.S and 7721 -TGF-R-AS cells, respectix^ely. 



Optic microscopy 

Under an optic niicrv>scope, the cells with a larger body. 
•arf>cr nucleus and bijci<er rrtiio of nucleus-'cytoplasm, 
were seen Clearly in both 7721-IGF-R'S and SMMO 
7721 Cells. Multinuclei and karyokinesis were fre- 



Hlectron microscopy 

llie malignancy characteristic* of 7721-TGF-R-S and 
SMMC-772 1 cells were clearly demonstrated under »p 
electron microscope with a higlicr nuclcun/cyiopkbin 
ratio, a larger nucleolus* multinucleolus.. apparcm 
microvilli and tumor giant-cells. Tlowcvcr, the de^jre*; 
of malignancy of 7721-1GF-R-A5i cells as rcvtaled by 
morphology was significandy ameliorated, 'fhcy c.v 
hibited a near normal ratio of nucleus/ cytoplasm, i\ 
rounder nticleolus in shape, more re^lrtr nuclear mem- 
brane, fewer creases, but swelling and vacuolc-fc^rmt J 
mitochondria (Fig, 3), 



Cell clonogenicity 

7721-IGF-IR"S,7721-1GP-1R-AS and SMMC-77;; 
cells were planted in 6-holc plastic plaics, with 1 00 000 
celh of one type only m each hf^le l>ic numbers ol 
formed ceD clcneR after transfection and sclcciiv*: 
culture with 400)Lim/mL G4J8 in iis medium for 
3 weeks, are listed in Table 1. l*he numbers of lorme(J 
cell clones in the cells transfccted both with IGF IR and 



T«bk 1 Number of rcsiiiant cell clones fotmcd after uanifeccion 



7?2i.iGV-R-S 



Plusmid DNA (^tg) 



2.5 

2.5 
0 



*P^0.05 versus group 772 1 -IGF-R-S, 



Ko. cclU 



1x105 



1 



20 
36 
0 



No. uansffcction times 
2 3 



5 
40 

0 



15 
28 

0 



:^4.7±0.1 
OlO.O 
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Kijrur6 2 morphrilog>* iil^cr transfccton (TO x 200). (a) 



IGF-II R aniiieoae gcnca wort significantly dccteAsed si& 
compared whb the cells transfecred both with IGlMR 
and IGF-Il R setiR* genes. This suggests ihar 1G1--IR 
and IGI'-Il antisense gene$ can inhibit cell clone for- 
mation of the lumor cells. 



iZfil] gi*owih curve 

Figure 4 show?; ihe cell gr^mh curves of ihesc three 
kinds ol SMMC-7721 cells transfected both \*ilh IGF- 
m and IGH-UK sense scncs, IGlMR and IGF-IIR 
anti sense gcncii, and without any ejticrn&l genes. No sig- 
nitoni dilfercnccs were noted among these three 
groups in 8 days' ju'OWih. 'Ihis &u^?gcsts there arc no 
c3bviotis cilccts ot IGb'-lR and IGF-llR antisense genes 
m the 8-da> (/.ro^vth cu.^c uf ihc tumor cclh. 




Figure 3 Cell morphology after uansfecton (IT'M x iOOi)). 
(g) 7721-lGF'R'S. (b) 7721-IGl-R-AS. 



Oonog^tiicity In soft agar 

As show in Table 2 and PigurcS, in doyblc-dcck soa 
agar medium, SMMC-7721 celli muJtipHcd more 
rapidly than the other two kinds of cells. Apparent cell 
clones usually began to form in days 5 -7- Funhcrmorc^ 
the cell clones were larger in diameter and greater 
in number, v^nlh a clone formation rate of 
10-2910-85%. 7?21-IGl-'-R-S cells increased more 
slowly than the SMMC-7721 cells Cell clones were 
noted in days 7-10 and the clone formation rate was 
8.25t K7'5%. However, most of 772 l-lCiP-R-AS cells 
could not form cell clones m the soft agar medi\im 
and died after 2 weeks. Only a few eelk formed smaHcr 
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mic 2 V.n'tcr 01 iOl-lR, 'UR aniiscnse gtne& on SM.MC-7721 clone formaiion in soft agar 



Oil lype 



Ko inoculation holes 
1 



iiM.MC-772T 

77:i-IOF-R-S. 

77-;-!-iaF-R-AS 



230 
218 



190 
17 
7 



212 
159 
2 



208 
140 
0 



5 



189 
130 
0 



205,8 ± ;7.0 



^ Cclh vvcrc seeded at ^ concentration of 2000 cells per hole and the number of col6nies were calcukied aficr 3 weeks. *r < ^> 1 
versus group SMMCV7721 or group 7721-lGP-R-S. 



lahic i Hacci of It -MR kcnsc and antisetise gene on tumor inducacion in naked mice 



Ceil type 



C>lj U'pe 1 

<,MM07721 

t .ftll lyp* 2 
772MOF.R-S 
SMMC*77?,I 



No. cells 

(1x10=^) 



4 
4 

4 
4 



Frequency 



2/3 
3/3 

3/3 
3/3 



Growth of tumor 

Days of 
appearance 



25 
17 

16 
17 



Tumor volume 
(mm^) (if iSn:; 



:^S.2±2<k7* 
ltt3.S±lft.5 

227.7±R1.2** 
220-7± VrC 



"Pt 0.05; **P>0.0?i verfrus group $MMC-772I (on thfc opposite side). 
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Bjirure4 Haect of IGF-lRjliR antiscnse gene on SMMC- 
7731 cell ftfo^vih. (❖), 7721-lGF-R-Si («) 7?31-IGF-R-ASi 
(A) SMMC-7721 . t'd, lime per day. 



dusier-donea and the clone formaiion rate was only 

li.!iit(1.21%. 
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SMMC7721 7721-1GF-.R-S ??: l-ini- It As 
Cell ryp^' 

Fi^cS Hone formation rate of SMMC>772 1 ,772 MGI" 
R-S and 7721-IGF-R-AS grou-ing in aolt agar- 



niinorlgcnicity In naked mice 

As show la Table 3, the migrated tumors inoculated 
vvich 7721-fGP-R-S or SMMC-7721 cells could be 
round aficr inoculaiion for 16-17 deys. Rui th^ 
mii^ratcd lurnors inoculated with 7721-lGF-R'AS cells 
couid noi be found until da>- 25. Moreover, the mean 
migrated rumor volume inoculated with 7721'1GF-R- 
AS cells wsA mud^ smaller than those inoculated with 
SMiVl<:-7721 cells m the opposite side or those inocu- 
lated with 7721-lGF-R-S cells in the control group 
;/'<(i.05)- *rhis mdicaies that the malignancy degree 



and tumorigcnidiy of the rur^ior in nwked mice 
decreased significaritly after TCF-I-R and 10 KH -R 
antisense gene transfcclion. 



DISCUSSION 

Some authors have reported that the IGb iuncui>n in 
stimulacing cell proliferation occurs mainly ihrou^i ihf 
IGIMR route. But others consider thai lOF-IlR also 
plays a certain role in cell growth lhr<iugh innucnunj: 
ion or matrix transport and increasing the synthesis 
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UNA, protein and glvcoRcn.' Other researchers have 
pnipobicd tiwt there may exist an autocrine and para- 
crine system in IGF genes lo promote cell prolifcrauon 
in ih*; LUttinr itReU\ because simultanecas overexpreR- 
sion oi the IGP-II gene and its receptor IGF-IR, 
im can be noted in human HCC and ita surrounding 



of ihc tumor cells. The results reveal thai lOF-IR i»nd 
IGh'-ilR antisensc gene transfccion can panly reverse 
maliimantbehavioR* orSMMC-7721 cells. T^is hndm? 
may be helpful in researching a potential route lor hepu- 
tocelluiar carcinoma gene therapy in the tumre. 
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'^^ln*^aviJi studys we iraLnstccted both IGF-IR and IGF- 
liR amiscnse genes into SMMC-7721 
neously, which inhibited the expression of both IGb-IK 
and IGH-IiR genes in the tumor cells. The results 
^osfcxd that the number of G41ft resistant ceU clones 
iortned after iriinsfcction both with IGF-IR and IGF- 
IIR antisens^e genes was significantly less than those 
iranstected both mxh IGl-lR and TGF-IIR sense genes, 
llie luiilignancy dej^rcc oi the tvmor cells transfected 
both with KiF-IRand IGi-URantisense genes, revealed 
by oprk and electron microscope, was also significantly 
arnehorated as compared with The original cells and the 
;,clls rjaasfected both wiih IGf-lR and IGF-TIR sense 
gcn^. 'The ^r^^\^nh capability of the tumor cells trans- 
fected both with IGF-IR and IGF-IIR antisense genes in 
ioU agar aod their tumorigcnicity in naked mice were 
also bignilicanlly docreastd, I'hc&c diita suggest that 
IGF4R and IGF-llK ^jcnes are among the important 
j;cncs in maintaimng the malignant phcnotypes of the 
SMMC-7721 cell line/1 he pheno types of the tumor will 
be rtstrained when these two genes are inhibited. 
However, no signiliciint dilTerence in the 8-day cell 
curve was noted among these three groups in 
the present research. In our previous studies, we also 
iound iransfeciion with single IGF-IIR antisensc gene 
did not si^^nificantly etfect the d-duy gro-A/ih curve ot 
SMMC-7721 cclk' .'Mthough single IGF-IR antisense 
j^enc iransfection had a small effect on the growth curve 
cl SMMC-7721 cells, the inhibition could only be 
observed iJdaya later.'^ ITiis may be caused by: (t) the 
urowth of cells being coniroUed and regulated by many 
cellular gcncs. Compensative activation or enhance- 
ment ejcpressitin Of other cellular genes, such as insulin, 
colony sLimuUiting factor- 1 RCCSF-IR), uansforming 
growth fflctor-BlCrCiFiM) and epidermal growth factor 
receptor (EGFR) may happen when the lunciion ot 
IGF gcties is inhibited so as to antagonize the restrain- 
ing elTecls of IGF-IR and IGF-IIR gcncsi'^ (li) com- 
penifitive enhancing expression of human insulin 
receptor (HIR) mav result in reverse action. The bio- 
ioRiciil [uncnon of IGF-i gene depends on comhinmg 
with IGF-IR, IGF-IIR and HIR IGF-I gene can 
unceasingly play its role in promoting cell groMh by 
HIR when IGP-IR and IGF-IIR are inliibitcd; and (m) 
dilTerer.c degrees of IGF-IR.IIR gene refiiramt may have 
diCercnt biological effects. Ruhini etal. has found the 
number of IGF-1 recopiors is connected with the IGl- 
i-medi;*ted mitogcnesis and transformation of mouse 
embryo fibroblasts/ ' ... 

\n conclusion, wc simultaneously transfected both 
IGF-IR and 1GF41R antisense into SMMC-772! cells 
and observed the moi phological and biological changes 
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stable expression of antisense urokinase mRNA inhibits the 
proliferation and invasion of human hepatocellular carcinoma cells 

Tavian D, Salvi A, De Petro G, Barlati S. 

Division of Biology and Genetics, Department of Biomedical Sciences and Biotechnology, IDET 
Center of Excellence, University of Brescia, Brescia, Italy. 

Urokinase-type plasminogen activator (u-PA) plays a key role in malignant tumor behavior. We have 
previously shown that the expression of high levels of u-PA mRNA in human hepatocellular carcinoma 
(HCC) biopsies was inversely correlated with the survival of the patients. In order to evaluate the 
involvement of u-PA in the invasive and infiltrating properties of HCC cells, the SKHeplCS cell line 
was stably transfected with an expression vector containing the 5' portion (257 bp) of u-PA cDNA in 
the antisense orientation. u-PA mRNA expression and its protein level and enzymatic activity were 
specifically inhibited in the antisense transfectants. A comparable inhibition of the u-PA receptor 
(u-PAR) mRNA and protein was also evidenced in the antisense transfected cells compared with the 
control ones. At the functional level, the SKHeplC3-AS cells showed a significant reduction in 
proliferation, Matrigel invasion, and motility assays compared to parental and vector-alone cells. These 
results indicate that u-PA is an essential factor in the growth and invasiveness of human 
hepatocarcinoma cells. Antisense u-PA strategy might be a potential approach to reduce tumor growth 
as well as the invasive capacity of the malignant cells in HCC. Cancer Gene Therapy (2003) 10, 
1 12-120 doi:10.1038/sj.cgt.7700533 
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Delivering antisense telomerase RNA by a hybrid adenovirus/ 
adeno-associated virus significantly suppresses the malignant 
phenotype and enhances cell apoptosis of human breast cancer cells 

Xiaowei Zhang', Zhong Chen^ Yanlmg Chen' and Tanjun Tong*'' 

'Department of Biochemistry and Molecular Biology. Peking University, Health Science Center Beijing 100083 China; 'Tumor 
bSsII h^^^ and Neck Surgery Branch, National Institute on the Deafness and Other CommumeaUon Disorders, National 
Institute oj Health, Bcthesda, MA 20892, USA 



Activated telomerase is frequently detected in cancer cells 
and is able to maintain and stabilize the integrity of 
telomeres; it also contributes to unlimited divisions in 
cancer cells. Recently, a new generation of selective 
anticancer strategies is under development targeting the 
blockage of telomerase activity either at the protein level 
or telomerase RNA. Here, we report suppression of the 
malignant phenotype by the expression of the full-length 
antisense human telomerase RNA (hTR) delivered by a 
novel hybrid vector recombining adenovirus and adeno- 
associated virus (vAd-AAV). The hybrid vector vAd- 
AAV retained the unique traits from two parental viruses, 
such as high efficiency of gene transfer in mammalian cells 
and the ability to integrate into the genomic DN A of host 
cells. The stable expression of antisense hTR in IVlCF-7 
cells significantly suppressed telomerase activity and 
progressively shortened telomere length for 3() population 
doublings (PD30). Expression of antisense hTR leads to a 
telomere-based growth arrest and the induction of 
spontaneous apoptosis. Antisense hTR decreased soft 
agar colony formation and reduced the cell proliferation, 
leading to exit from the cell cycle at Gl at 1*D15. The 
expression of antisense hTR also sensitized lVlCF-7 cells 
to apoptosis induced by sodium butyrate or serum 
starvation. Our study demonstrates that delivering anti- 
sense hTR by the hybrid Ad/ AAV vector is an effective 
antineoplastic gene therapeutic strategy, which signifi- 
cantly suppresses the malignant phenotype and enhances 
apoptosis of human breast cancer cells. 
Oncogene (2003) 22, 2405-2416. doi:10-1038/s). one. 1206317 

Keywords: telomerase RNA; antisense; adenovirus; 
adeno-associated virus; gene therapy; breast cancer 
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Introduction 

The malignant phenotype in cancer cells is characterized 
by unlimited cell proliferation and resistance to pro- 
grammed cell death (apoptosis). One of the essential 
mechanisms governing these processes is mediated by 
the integrity of telomeres, the natural ends of linear 
chromosomes. Human telomeres are 10-1 5 kb chromo- 
somal DNA composed of tandem hexameric repeats, 5'- 
TTAGGG-3', which are maintained and stabilized by 
telomere-binding protein, and in stem cells and cancer 
cells by telomerase activity. In most normal cells, 
telomerase is not expressed and telomere DNA con- 
tinues to shorten with each cell division (Kim et at., 
1994; Prowse and Greider, 1995; Holt et a/., 1997). 
Continued shortening of telomere DNA eventually 
triggers the cells to enter a growth arrest/senescence 
stage, and the proliferative lifespan of the cells will be 
terminated (reviewed by Chiu and Harley, 1997; Shay 
and Wright, 2001). Such a cellular mechanism ensures 
normal cells only to proliferate within a limited number 
of passages, and cell senescence/apoptosis will be 
enforced when the programmed cell lifespan ends. This 
may have evolved in large, long-lived species as a potent 
anticancer protection mechanism. However, in tumor 
cells, cell senescence/apoptosis may not be induced by 
the crisis triggered by shortened telomeres, because of 
aberrant status of other critical cellular regulatory 
mechanisms, such as p53, Rb, pl6INK4a, or other 
pathways (Di Leonardo et aL, 1994; Robles and Adami, 
1998; reviewed by Campisi et ai, 1996, 1999; Wright 
and Shay, 1996). A very rare cell undergoing crisis 
can reactivate telomerase and the cell is then able to 
restore the length of the telomeres or compensate 
for the progressive telomere shortening after each cell 
division. The stabilization of telomere length allows 
these cells to escape from the crisis stage of apoptosis 
and continues to proliferate. In addition, the crisis 
situation induces genome instability, which leads to 
gene mutations or deletions (Hahn et al., 1999a, b). It 
has been hypothesized and demonstrated by in vitro 
experiments that malignant transformation can be 
established when normal cells acquire mutated onco- 
genes, defective tumor-suppressor genes, and activated 
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telomerase (Hahn et aL, 1999a, b; Gonzalez-Suarez et at., 

2001) . . . 
Human telomerase is a multiple subunit-containing 

ribonucleoprotein enzyme. The core subunits are 
comprised of an RNA component (human telomerase 
RNA, hTR) and a protein reverse transcriptase (human 
telomerase reverse transcriptase, hTERT). The RNA 
component, hTR, serves as the template for synthesis of 
telomeric repeats (Feng ei ciL, 1995). hTR is ubiqui- 
tously expressed, but levels of hTR in normal adult cells 
vary and correlate with cell activation status (Avilion 
et al, 1996; Bodnar et ciL. 1996). Immortalized cancer 
cells retain the highest level of hTR (Mitchell ct al.. 
1999). The protein component, hTERT, uses hTR as the 
template to cap the termini of chromosomes, reverse 
transcribes RNA sequence to telomeric DNA, and adds 
these sequences onto the ends of chromosomes (re- 
viewed by Collins and Mitchell, 2002; Ducrest et ctL, 

2002) . hTERT expression is more restrictive in its 
expression and closely correlates with telomerase 
activity (reviewed by Collins and Mitchell, 2002; 
Ducrest et aL, 2002). Both components are necessary 
for effective telomerase activity in vivo (Counter et aL, 
1992; Wright et al, 1996; Niida et tiL, 1998; Mitchell 
et all 1999; Mitchell and Collins, 2000). Targeting hTR 
and hTERT has been hypothesized as potential novel 
anticancer strategies, and /// vitro proof of pi inciple has 
been demonstrated in several cancer cell lines (Feng 
etal., 1995;Blascoe?^//., 1997; Kondo «/., 1998; Hahn 
et ai, 1999b; Herbert et aL, 1999). However, few 
effective delivery strategies have been reported to target 
hTR in cancer cells, and the potenticil use of hTR- 
targeted gene delivery systems to enhance effects of cell 
apoptosis'-inducing agents need to be tested. 

Different gene delivery systems have been developed 
in recent years to alter gene expression by specihc 
targeting of DNA or RNA molecules. Our laboratory 
has developed an effective gene delivery hybrid vector 
combining adenovirus (Ad) and adeno-associated virus 
(AAV) to transfer and express antisense molecules in 
tumor cells (Wang et aL. 1997a). The hybrid vector 
retains the advantages of both virus vectors by 
conferring high transfection efficiency and the capacity 
to integrate exogenous DNA into host genomic DNA 
(Wang et aL, 1997a). Adenoviral vectors are frequently 
used for gene therapy because of their high transduction 
efficiency in vitro and in vivo (reviewed by Ali et aL, 
1994; Douglas, 1994). The development of a gutless-Ad 
vector through deletion of viral genes offers the 
advantages of decreased host immunogenicity and 
cellular toxicity induced by viral proteins, and increased 
capacity to accommodate large regulatory and exogen- 
ous DNA regions (reviewed by Kochanek, 1999). AAV 
is a member of the Parvoviridae family, which requires 
adenovirus coinfection ibr efficient gene expression, 
replication, and propagation (reviewed by Smith and 
Kotin, 2002). It has been found that AAV is able to 
stably integrate its DNA into the host genome with high 
efficiency, usually occurring at a specific site on 
chromosome 19 (Kotin et aL, 1990, 1991, 1992). The 
high frequency of site-specific integration by AAV and 



the lack of associated disease have made AAV a 
promising vector for gene therapy. However, the 
unfavorable features of AAV in gene therapy are its 
low productivity and lack of ability to carry large 
segments of exogenous DNA, In recent years, consider- 
able progress has been made to improve the vectors for 
more effective gene transfer, one being the development 
of hybrid Ad/AAV vector. The construction of hybrid 
Ad/AAV vector is achieved by the deletion of viral genes 
from both Ad and AAV to produce a DeltaAd/AAV 
vector that contains only the transgene flanked by AAV 
inverted terminal repeats (ITRs), Ad packaging signals, 
and Ad gene (Lieber et aL, 1999; Recchia et aL, 1999; 
Shayakhmetov et aL, 2002). The DeltaAd/AAV hybrid 
vector has been shown to transduce cultured cells at the 
efficiency comparable to recombinant AAV vectors, and 
the hybrid vector DNA was integrated as head-to-tail 
tandem into the host cell genome (Wang et aL, 1997a). 

In this study, we utilized the novel hybrid recombi- 
nant vector from Ad and AAV to express antisense 
RNA to hTR in MCF-7 breast cancer cells. Using this 
vector, we successfully deUvered antisense hTR into 
MCF-7 breast cancer cells and established MCF-7 cell 
lines stably expressing antisense hTR. Expression of 
antisense hTR in MCF-7 cells blocked telomerase 
activity and progressively shortened telomere DNA 
over 30 population doublings (PD30). The malignant 
phenotype of MCF-7 cells was significantly suppressed, 
with decreased colony-forming abiUty and cell prolifera- 
tion rate, and blockage of the cell cycle in the Gl phase. 
The antisense hTR-expressing cells appeared more 
sensitive to apoptosis induced by chemical agents or 
serum starvation. Our study demonstrates that targeting 
hTR using this gene therapy strategy in cancer cells is 
efficient and powerful, and the new vector system may 
allow for the development of new generations of 
therapeutic agents. 



Results 

Hybrid vector v Ad- AAV retained the capabilities of high 
infection efficiency, host genome integration, and stable 
expression of antisense hTR in MCF-7 cells 

The newly developed hybrid vectors retained high 
infection efficiency similar to the parental E1/E3 deleted 
Ad (Wang et aL, 1997a). The inclusion of AAV ITRs 
conferred upon the new vectors the ability to integrate 
into the host genomic DN A (Figure 1). Figure 2 shows a 
Southern blot analysis using genomic DNA extracted 
from parental MCF-7, and MCF-7 cells infected with 
either control vector or antisense hTR vector (MCF-7/ 
control and MCF-7/anti-hTR), at PD5 after the stable 
cell lines were established. The integration of viral DNA 
was detected by analysis using Neo probe (Figure 2a) or 
hTR cDNA probe (Figure 2b and c). After Xba\ 
digestion, Neo probe detected the predicted 3.16kb 
band in the genomic DNA of MCF-7/control cells, and 
the 3.76 kb band in the genomic DNA of MCF-7/anti- 
hTR, but no band was detected in the DNA isolated 
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from parental MCF-7 cells. The hTR cDNA probe 
detected the correct 3.76 kb band in genomic DNA 
isolated from MCF-7/anti-hTR using the restriction 
enzymes Xba\ (Figure 2b), and the 2.95 kb band digested 



by HimWW + Pst\ (Figure 2c), respectively. No band was 
detected in the DNA from parental MCF-7 and MCF-7/ 
control cells (Figure 2b and c), confirming the specificity 
of the detection. Our data demonstrated that the hybrid 
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Figure 2 vAd-AAV hybrid \cclor is able to intcgiale antisense 
hTR into MCF-7 genomic DNA. The genomic DNAs were isolated 
from MCF-7 cells infected with control vAd-AAV or vAd-AAV 
encoded with antisense hTR antl examined by Southern blots 
analysis. The DNA samples were loaded on the gel from left: MCF- 
7/parental, MCF-7/control, and MCF-7/antisense hTR. (a) The 
genomic DNAs were digested u lih Xha\ and detected with neo gene 
probe, (b) The genomic DNAs were digested by Xhal and detected 
with hTR probe, (c) The genomic DNAs were digested by 
Himim + Psn and detected wiili hTR probe 



vectors of vAd-AAV were able to integrate exogenous 
hTR antisense DNA into the host genomic DNA. 
Antisense hTR expression in MCF-7-transfected cells 
was monitored by Northern blot analysis at PD5 and 
PD20 (Figure 3). At both PDs, the comparable higher 
expression level of antisense hTR was observed in the 
MCF-7/anti-hTR cells. 

Antisense hTR inhibited teiointrasc activity and shortened 
telemere length in MCF-7 cells 

Telomerase activity was tested by PCR-based telomere 
repeat amplification protocol (TRAP assay) in the cells 
infected with the hybrid virus at PDIO, 20, and 30 with 
the different titers of virus. As shown in Figure 4a, a 
complete loss of the laddering PGR bands in higher 




Figure 3 Antisense hTR expression in MCF-7 cells. hTR cDNA 
probe was used to detect antisense hTR expression was detected by 
Northern blot analysis of the total RNA isolated from MCF-7/ 
parental, MCF-7/control, and MCF-7/anti-hTR cells at PDS (left 
panel) and PD20 (right panel). As the internal control for the 
amount of total RNA loading, the same blots were stripped and 
probed with //-actin DNA probe 



molecular weight range was observed in MCF-7/anti- 
hTR eells at PD30, as compared with MCF-7/control 
and MCF-7/parental cells. The telomerase activity in 
antisense hTR-expressing MCF-7 cehs was also sig- 
nificantly suppressed when measured at PDIO and 
PD20, the suppression was at the similar level as in 
the TRAP assay of PD30 (data not shown). This 
indicates that the shortened telomeres in MCF-7/anti- 
hTR cells are likely because of the suppression of 
telomerase activity. The shortened telomeres in MCF-7/ 
anti-hTR cells were further confirmed by testing the 
terminal restriction fragments (TRFs) in cells from 
PD15 and PD30. As shown in Figure 4b, TRFs 
appeared as a smear on the gel because of the broad 
distributions of both the sizes of the subtelomeric region 
and the number of TTAGGG repeat on different 
chromosomes. At PD15, no significant difference was 
observed in the size distribution and the DNA density of 
TRFs isolated from parental, control, and anti-hTR 
virus-infected MCF-7 cells (Figure 4b). However, at 
PD30, significant shortened telomeres (mean = 7.28) 
were observed in MCF7/anti-hTR cells when compared 
with the control and parental cells (means ^9.10 and 
9.25). Furthermore, a decrease in band intensity 
(representing less amount of TRFs) was observed in 
MCF7/anti-hTR cells in PD30 (Figure 4b). 

Antisense hTR significantly suppressed the transformation 
and malignant growth phenotypes of MCF-7 eells 

Stable expression of antisense hTR in MCF-7 cells 
significantly suppressed their transformation and malig- 
nant growth phenotypes, including colony formation in 
soft agar, proliferation rate, and cell cycle distribution. 
Antisense hTR-suppressed cell transformation ability 
was measured by soft agar colony-forming assay 
(Table 1). At PD20, significantly less colony numbers 
were observed in MCF-7/anti-hTR cells when compared 
with controls, and the larger difference was observed at 
PD30 (Table 1). The significantly smaller colony sizes of 
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Figure 4 MCF-7 cells infccicd with antisense hTR virus vector showed decreased tclomerase activity and shortened DNA telomeres. 
f^The PGR based TRAP assav was used to determn.e tclomerase activity in celts after 30PD. The gels ^f/^^^^^^P^^^^^^^^^^ 
products were stained by sil^■cr nitrate. Synthetic tclomerase oUgonucleotidcs genenucd the ^WropruUe 6 bp ladder ^^^^^ 
abihtv of tclomerase in MCl---7/amisense hTR cells to synthesize larger PGR products was obviously mhibited (first lane on the left) 
™red t^t^^f^^ control cell lines (MCF-7/controL and MCF-7/parental). The (irst lane on the right is the molecular weigh 
r^r u ihzing^^^^^ Plasmid with Mac digestion, (b) The telomere length was measured m cells after 15PD ("PPer Pand) 

3 30PD k^^^^^ panel) in MCf' 7/parental (left), MCF-7/control (center), and MCF-7/anti-hTR (right). DNAs were digested with 
?esti' tion e^cEcok separated by electrophoresis on a 0.^% agarose gel and hybridized to the human telomenc probe y-P- 
(TTAGGG)4 



Tabic 1 Antisens e hTR significantly suppressed colony formation and cell cycle of MCF-7 breast cancer cells 

% Colonies in soft a,ar' % Cells in cell cycle ( PD30)^ 



PD20 



PD3() Gl phase S phase 



MCF-7/parental 67.H±8.2 64.8+5.1 55.5±5.2 31.5±7.5 
MCF-7control 71.0 + 4.1 0- ±5-1 56.4±3.3 20±2.5^ 
MCF-7/anti-hTR 40.7+1.8^- ^3.8±2.5- 6SJ±03 \tA±XJ, 



"Colonv form-ition in soft agar bv MCF-7 cells expressing antisense hTR was compared with controls. Percentage of colonies was calculated as the 
o^r cenlcel^ o f^^^^^^ son auar when 500 cells ^^cv, plated per 35 mm dishes. Values are mean±s.d. of four mdependent d.shes.^Cell cycle 

wrTnalystrin and MCF-7/anti-hTR cells at PD30. Values are mean + s.d. of four mdependent 

experiments.^! ndicates the statistically significant difference by student's /-test (P<0.05) 



MCF-7/anti-hTR cells were also observed at PD20 and 
PD30, when conipared wiih controls (data not shown). 
Expression of antisense hTR by MCF-7 cells inhibited 
cell proliferation when examined at PD15 and PD25. As 
shown in Figure 5a, at the early passage of PD5, no 
significant difference in the proliferation rate was 
observed among the three cell lines: MCF-7/parental. 
MCF-7/control, and MCF-7/anti-hTR. At PD15, 
MCF-7/anti-hTR cells showed moderate but signihcant 



slow-down of proliferation from 36 to 60 h after cultures 
were initiated (Figure 5b). At PD25, the MCF-7/anti- 
hTR cells showed stronger suppression of cell prolifera- 
tion from 36 to 60 h after cultures were initiated, when 
compared with controls (Figure 5c). The initial slower 
growth rate of MCF-7/anti-hTR cells might be partly 
because of ihe cell cycle arrest at Gl phase (Table 1), 
when the cell cycle analysis was carried out at 48-60 h 
after cell initiation. However, at both PD15 and FD25, 
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Figure 5 The growth characteristics of MCF-7 cells expressing 
antisense hTR. The cell proliferation rates at PD5 (a), PD15 (b), or 
PD25 (c) were determined by counting cell numbers at the 
indicating time points. Cells (3 x 10'») were plated in each 35 mm 
tissue culture dishes, and six replicates were used for each tunc 
point. The dtua were presented as tlie mean calculated IVom the six 
replicates 



all cell lines reached similar growth rates 60 h after 
cultures were initiated, when the cells entered the log 
growth phase. The exact mechanism of this phenomen- 
on is not very clear, and it will be interesting to see the 
difference in cellular adhesion and growth factor 
dependence of MCF-7/anti-hTR cells when cells enter 
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Figures 6 Quantification of cell apoptosis in MCF-7 cells 
expressing ^mti sense hTR treated with NaBu and serum starvation 
by liow cytometry. Cells were treated with NaBu (a) or serum 
starvation (1>) for the indicated time, and harvested by trypsiniza- 
tion. The cells were fixed, permeablized, digested with RNase, and 
stained with PI. The percentage cells in sub-Gl phase was gated 
and calculated as the apoptotic cells 

Stationary or log growth phase. The significant cell cycle 
arrest was observed in MCF-7/anti-hTR cells at PD30, 
when the increased cell number was in Gl phase and 
decreased cell number was in the S phase (Table 1). 
Before PD20, there was no significant difference in cell 
cycle distribution, but increased spontaneous cell death 
was observed in MCF-7/anti-hTR cells (data not 
shown). Morphologically, MCF-7 cells expressing anti- 
sense hTR exhibited the spindle shapes with granules in 
cytoplasm and less mitosis, in contrast with that 
of MCF-7/parental and MCF-7/control cells, which 
appeared as the classical cuboidal or polygonal adeno- 
carcinoma morphology with larger nucleus, clear 
cytoplasm, and active mitosis (data not shown). 



Antisense hTR enhanced MCF-7 cell apoptosis induced by 
NaBu or scrum starvation 

Inhibition of telomerase activity is known to limit cell 
lifespan by trigging cell senescence or apoptosis. To 
determine if vAd-AAV-antisense hTR worked addi- 
tively or synergistically with agents known to induce cell 
death in MCF-7 cells, we treated MCF-7/anti-hTR cells 
with 5mM sodium butyrate (NaBu, Figures 6a and 7a), 
or serum starvation (Figures 6b and 7b). NaBu is an 
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Figure 7 Expression of antisense hTR-enhanced cell apoptosis induced by NuBu and serum starvation. The cultured cells were treated 
with NaBu (a) or adapted into serum-free culture medium (b) for the indicated time. After DNA extraction and digestion with RNase 
lO/^g of each DNA was electrophoresed on a 1% argarose gel containing ethidium bromide. Gels were visuahzed ""der the UV light 
and photographed. From left, MCF-T/paiental cells. MCF-7/control cells, MCF-7/anu-hTR, and DNA ladder standard (A DNA with 
HindUl digestion) 



apoptosis-indiicing agent that inhibits histone deacety- 
lation, leading to altered chromatin structure and 
disrupted DNA rephcation (Guilbaud ei a/.. 1990; 
Yamamoto et aL, 1996). Using flow cytometry, quanti- 
tative cell apoptosis was measured as the fraction of the 
fragmented DNA at the sub-Gl. In the regular cuhure 
medium, MCF-7 cells show no or minimal spontaneous 
cell apoptosis (<5%, Wang et ciL, 1997b; Wang and 
Tong, 1999). After cells were treated with NaBu for 48 h, 
a significant increase of cell apoptosis was observed in 
MCF-7/anti-hTR cells (29%), in contrast to the slightly 
increased ceU apoptosis (7-11%) in MCF-7/parental 
and MCF-7/control cells (Figure 6a). After 96 h of 
NaBu treatment, 75% of cell apoptosis was observed in 
MCF-7/anti-hTR cells, compared with 35-47'M) apop- 
tosis in control cells (Figure 7a). The typical laddering 
pattern of DNA fragmentation was observed in the 
apoptotic MCF-7/anti-hTR cells after 72-96 h of NaBu 
treatment, compared with no or less DNA fragmenta- 
tions of the control cells (Figure 7a). MCF-7 parental 



and infected cells were also adapted to the serum-free 
condition to test their serum-independent cell growth 
(Figures 6b and 7b). MCF-7/anti-hTR showed signifi- 
cantlv higher percentage of cell apoptosis after serum 
starvation for 4 days (26%) or 6 days (53%), when 
compared with MCF-7/parental cells at day 4 (9.7%), or 
at day 6 (18.5%), or MCF-7/control cells at day 4 
(8.2'y:0, or at day 6 (21.1%, Figure 6b). Significant 
increased DNA fragmentation was confirmed by gel 
electrophoresis showing DNA laddering in MCF-7/anti- 
hTR cells 7 days after serum starvation (Figure 7b). 
Taken together, the expression of antisense hTR in 
lVICF-7 cells promoted cell apoptosis in combination 
with apoptosis-inducing agents or serum starvation. 



Discus.sion 

We successfully delivered antisense hTR into MCF-7 
breast cancer cells through a vAd-AAV hybrid virus. 
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The hybrid vector enabled the cDNA encoding the 
antisense hTR to integrate into MCF-7 host genome 
and stably express antisense hTR. The cells expressing 
antisense hTR showed suppressed telomerase activity 
and shortened telomeres. Inhibition of malignant 
phenotypes in MCF-7 cells included decreased soft agar 
growth, slowed cell proliferation rate, and blocked cell 
cycle in Gl phase, Antisense hTR expression also 
increased the apoptosis index when combined with cell 
death-inducing agents. Our study conhrmed the hypoth- 
esis developed^ that telomerase/telomere maintenance is 
a key regulatory mechanism determining the fate of 
cancer cells. 

We observed phenotypic changes of cancer cells, such 
as reduced cell growth at PD15 and decreased colony 
numbers and sizes at PD20 (Figure 5 and Table 1), 
before significant telomere shortening at PD30 
(Figure 4b). This suggests that antisense hTR-expres- 
sion-mediated cellular phenotypic alternation in MCF-7 
cells may not require a complete inhibition of telomerase 
activity and significantly uniformed shortening of 
telomeres. These results also suggest that the experi- 
mental measurements of telomerase activity and telo- 
mere length may not be sensitive enough to detect early 
alterations occurring within telomere regions from a 
given cell population. Consistently, a recent study 
showed that expression of a mutant hTR inhibited 
human cancer cell proliferation and enhanced cell 
apoptosis, without affecting the endogenous wild-type 
telomerase RNA, endogenous telomerase activity, and 
telomere length j;Kim et al, 2001). Based on this 
observation, it was proposed that uncapping of only 
one or a few telomeres per cell induced by the mutated 
hTR-containing telomerase could trigger a DNA 
damage response. Our experimental observation is 
consistent with these results in that the antisense hTR- 
induced suppression of malignant phenotypes (PD15- 
PD20) occurred prior to the detectable suppressed 
telomerase activity and shortened telomeres (PD30). 
In addition, the end structure of telomeres, such 
as loops or single-strand overhangs, may be important 
triggers of cells entering senescence or apoptosis 
(Karlseder et at., 2002). Antisense hTR expression in 
MCF-7 cells may also interrupt the end structure of 
telomeres, which may lead to the suppression of 
malignant phenotypes prior to the observed decreased 
telomerase activity and shortened telomeres. It is 
important to further investigate the mechanisms of the 
mutated/antisense hTR-mediated tumor suppression, 
which may be independent from the telomerase activity 
or telomere length. 

in the present study, we observed that antisense hTR 
induced both spontaneous apoptosis (dominated before 
PD20) and senescence (blockage of cell cycle at PD30) in 
MCF-7 cells, resulting in reduced colony numbers and 
sizes in soft agar, and slower cell proliferation rates 
(Figure 5 and^Table 1). It has been suggested that 
induction of cell senescence or apoptosis by affecting 
telomerase activity and shortening telomere length may 
depend upon functioning p53, pRb, pl6INK4a, or other 
related molecules controlling cell proliferation, cell 



cycle, and apoptosis. Karlseder et at, (1999) showed 
that inhibition of telomeric-repeat binding factor 2 
(TRF2) by dominate-negative TRF2 induced sponta- 
neous apoptosis in several cell lines, including MCF-7 
cells and HeLa cells (cervical carcinoma). The induction 
of apoptosis depends on wild-type p53 (Karlseder et aL, 
1999). MCF-7 cells are p53 wild type and pl6INK4a 
defective, which might be the important cellular factors 
affecting antisense hTR-induced spontaneous apoptosis 
and incomplete senescence. The effects on cell apoptosis 
and senescence through interaction of antisense hTR 
with p53 and pl6INK4a are under the investigation. 
It is also interesting to notice that antisense hTR 
suppressed cell growth more significantly in the sta- 
tionary phase of cell growth (36-60 h after cell culture 
initiation), but less significantly at the cell in log growth 
phase (60 h after cell culture initiation), which happened 
at both PD15 and PD25 (Figure 5). The mechanism of 
this phenomenon is not clear, but it suggests that 
antisense hTR may alter other cellular components 
affecting cell growth, senescence or apoptosis, such as 
adhesion molecules, growth factors, or transcription 
factors. 

Although telomerase activity requires coexpression of 
hTR and hTERT components, hTERT expression is 
correlated more closely with telomerase activity in 
cancer cells (reviewed by Elenitoba- Johnson, 2001; 
Hahn, 2001; Poole et ai, 2001; Kim et al, 2002). Such 
observations have led to selective anticancer strategies 
focusing on hTERT (Strahl and Blackburn, 1996; Hahn 
et nl., 1999b). For gene therapy, instead of targeting 
telomerase activity, we pursued targeting of hTR using 
the hybrid vector. We showed that this strategy 
effectively suppressed the malignant phenotype of 
MCF-7 breast cancer cells. Our results are consistent 
with several previous studies aiming at suppressing 
telomerase activity by manipulating hTR. Feng et al. 
(1995) originally characterized hTR and revealed that 
germline tissues and tumor cell lines expressed higher 
levels of hTR than normal somatic cells and tissues. 
They demonstrated that transfecting HeLa cells with an 
antisense hTR resulted in progressive telomere loss and 
cell death after 23-26 doubling times. Kondo et al. 
(1998) introduced antisense hTR into human ghoblas- 
toma U251-MG cells, and showed that antisense hTR 
either induced cell apoptosis through the mechanism 
related to increased expression of interleukin- lb-con- 
verting enzyme (ICE), or induced cell differentiation by 
increasinu the expression of cyclin-dependent kinase 
inhibitors (CDKIs) p21 and p27- Bisoffi et al. (1998) 
expressed antisense hTR in HeLa and A-498 human 
kidney carcinoma, and showed differentiated giant 
and apoptotic cells after five population doubling time. 
Kim et al. (2001) showed that a low-level expression of 
mtiiant template telomerase RNA inhibits cell prolifera- 
tion in vitro and tumor growth in vivo of a human breast 
cancer ceil line, MCF-7, and a prostate cancer cell line, 
LNCaP. 

Owing to the fact that more than 90% of cancer cells 
retained elevated telomerase activity which has an 
inverse relation to the cell senescence and apoptosis, 
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the overexpression of telomerase protein and increased 
telomerase activity have been used as the useful chnical 
diagnostic and prognostic markers (reviewed by Hahn, 
2001; Hiyama and Hiyama, 2002). It has also been 
hypothesized that suppression of high levels of telomer- 
ase activity and shortened telomere length may be 
synergistic to the existing anticancer chemotherapy. Our 
study showed that antisense liTR significantly increased 
apoptotic cells after NaBu treatment or serum starva- 
tion (Figures 6 and 7). The mechanisms of apoptosis 
induced by NaBu and serum starvation are different. It 
has been suggested that the mechanism of NaBu- 
induced cell apoptosis may be through the inhibition 
of histone deacetylases; and the post-translational 
modifications of histones and chromatin composition 
alteration may disrupt DNA replication and affect gene 
expression (Guilbaud et al., 1990; Yamamoto et a/., 
1996). The exact mechanisms of apoptosis induced by 
serum starvation are not clear, likely because of the 
deprivation of the growth factors that are critical for the 
activation of signal transduction pathways to support 
the cell proliferation and survival, such as c-myc and 
AKT (Helbing et aL, 1998; Shin et ciL, 2001). Over- 
expression of antisense hTR in MCF-7 cells enhanced 
apoptosis induced by NaBu or serum starvation, but 
with the different kinetics (Figures 6 and 7). Up till now, 
the importance of telomerase activity or the telomere 
length in apoptosis induced by different agents is not 
clear. A recent study has showed that telomere 
dysfunction, rather than telomerase per se, was found 
to be the principal determinant governing cell chemo- 
sensitivity, especially to agents that induced double- 
stranded DNA breaks, such as doxorubicin (intercala- 
tion and double-stranded DNA breaks), but not to 
cisplatin (covalent DNA adduct formation), etoposide 
(topoisomerase II inhibition), or 5-FU (antimetabolite), 
in TERC-/- (telomerase RNA gene) lNK4a-/~ mice 
(Lee et aL, 2001). In their knockout model, the 
chemosensitivity was muted in cells deficient for p53. 
Thus, the dependence of a functional p53 in chemother- 
apeutic agent- induced cell death may suggest that the 
loss of functional p53 triggers the resistance mechanism 
to compensate for the crisis induced by chemotherapeu- 
tic agents or shortened telomeres. 

Since targeting at hTR is an attractive gene therapy 
strategy, it is critical to develop a highly effective 
delivering vector. We took advantage of the hybrid 
vector retaining the characteristics of both Ad and AAV 
(Figure 1). Adenovirus has been prominently utilized as 
the vehicle in gene therapy because of its high titer 
production, high infection efficiency, broad host range, 
capable to carry large exogenous DNA (up to about 
30 kb), and to infect both proliferating cells and 
nonproliferating cells with high infection efficiency 
(reviewed by Ali ct aL, 1994; Douglas, 1994; Kochanck, 
1999). However, the infected Ad stays in the host cells 
only transiently, since the virus is unable to integrate its 
DNA into host genome. To achieve the continuing 
expression of exogenous DNA in host cells, repetitive 
infection of Ad is needed. However, repeated adminis- 
tering Ad is not effective in vivo, since strong antiAd 



immunity is elicited and the infected cells are cleared 
quickly after each infection (Schulick et aL, 1997). In 
contrast, AAV is able to integrate its DNA into the host 
genome at chromosome 19 in human cells through the 
ITRs. AAV-based vectors have limited capacity to carry 
only a small fragment of exogenous DNA. Its additional 
limitation is the relatively low infection efficiency that 
may be because of the low titer production of 
recombinant virus (Herns and Linden, 1995). Since the 
ITRs in AAV retain the integration and replication 
functions without requiring additional viral gene pro- 
ducts, they become attractive genetic elements to 
improve the functions of high-efficient vector system 
such as adenoviral vector (Richard et aL, 1989; Andrew 
et aL, 1994; Recchia et aL, 1999; Philpott et aL, 2002; 
Shayakhmetov et aL, 2002). We successfully recombined 
the two ITRs from AAV into a replication-deficient 
adenoviral vector flanking CMV promoter, Neo gene, 
and SV40 promoter/SV40poIyA sequence cassette 
(Figure lb). We showed that such hybrid vector retained 
the characteristics of both Ad and AAV, and the hybrid 
vector-encoded antisense hTR was able to infect cells at 
high efficiency (Wang et aL, 1997a), and to integrate 
hTR into human genomic DNA in MCF-7 cells 
(Figure 2). However, more studies have to be accom- 
plished before this gene therapy strategy can be 
introduced into the clinical trial, such as the transfection 
efficiency in the different types of cancer cells, and the 
possible toxicity with antisense hTR and the hybrid viral 
vector. One concern is about anti-hTR sequence-induced 
toxicity in the normal cells. It is an estabUshed 
phenomenon that the adult normal cells express no or 
very low level of the telomerase except the actively 
renewing cells, such as hematopoetic cells (Hiyama et aL, 
1995; Harle-Bachor and Boukamp, 1996; Hsiao et aL, 
1997; Kyo et aL, 1997; Tsao et aL, 1997). It will be 
important to test whether this anti-hTR therapy against 
cancer will cause the hematopoietic toxicity if the 
systemically delivery will be used. The second concern 
is the genotoxicity because of the hybrid vector. The 
ma jor part of the hybrid vector is from an Ad vector and 
should have the characteristics of a typical adenoviral 
vector. The hybrid vector only retained small LTR 
fragment IVoni AAV, which help the virus integrate into 
theliuman chromosome DNA 19ql3.3-qter, supposedly. 
We have not been able to test the exact integrating site of 
this hybrid vector either in cancer cells or in the normal 
cell lines. The long-term effects of the hybrid vector 
should be tested. However, based on the information of 
the clinical usages of AAV and adenovirual vector as the 
vehicle for gene therapy, there has not been very severe 
toxicity because of these viral vectors. 

Our study showed that targeting at telomerase RNA 
by the hybrid vector combining Ad and AAv is an 
effective strategy that suppressed the malignant cell 
phenotype in breast cancer cells. In addition, we showed 
that such a strategy is able to enhance the chemical 
reagent and serum starvation-induced apoptosis, 
which could be utilized for the combination therapy 
in the breast cancer, hopefully resulting in better 
outcomes. 
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Materials and niclliods 

Cell culture 

293 is a human primary embryonic kidney cell line immortalized 
by sheared human adenovirus type 5 (Ad 5) DNA. 293 cells are 
particularly sensitive to human Ad and highly permissive for Ad 
infection. This cell line is used as the host cell for infection, 
production, and amplification of the hybrid adenovirus/adeno- 
associated vIris vector (v Ad— AAV). MCF-7 is a human breast 
adenocarcinoma line isolated from the pleural effusion of a 69- 
year-old Caucasian female. Both cells were originally purchased 
from ATCC (Manassas, VA, USA), and were kindly provided 
by Cell Biology Institute at Shanghai, China. Both cell lines 
were cultured in a Dulbecco's modified Eagle's medium 
(DM EM, Invitrogen, Carlsbad, CA, USA) supplemented with 
10% heat-inactivaied fetal calf serum, 50U/ml penicillin, and 
50/ig/ml streptomycin (Invitrogen). 

Construct vAci-AA V hybrid vectors 

To generate human Ad and AAV hybrid vector, a shuttle 
vector pAdElCiVl VITREXneo (vAd-AAV, Figure lb, upper 
diagram) was constructed in our laboratory by Dr Fu Shan 
Wang (Wang a a!., 1997a). The vector backbone was a 
recombinant using p Ad El CM V and pAAV/SVneo, gifts from 
Dr Tom Shenk of Princeton University (Ferrari at ciL^ 1996; Lu 
and Shenk, 1996), and contained essential components of both 
Ad and AAV. The structural components present in the shuttle 
vector from EcoRl at 0 position were: 5' adenoviral sequences 
with inverted terminal repeat (ITR, 452 bp, 0-1.26 mu, dashed 
bar), AAV ITRE (180 bp, two black arrows, isolated from 
pAAV/SVneo; Srivastava ct al., 1983), CMV-neo expression 
cassette (CMV promoter (open arrow), neomycin resistant 
gene (fine dotted bar)), SV40 promoter with multiple cloning 
sites, SV40 polyA signal sequence (bold dotted bar), AAV 
ITRX (180 bp/ two black arrows, isolated from pAAV/ 
SV40neo), and 3' adenoviral sequence from 9.2-1 6.0 mu 
containing 3' ITR (dashed bar, 2.5 kb). 

pGRN83 is the plasmid with a cDNA insert for hTR and 
was kindly provided by professor Kevin Kastei- (Department 
of Biochemistry. University of Pennsylvania, Philadelphia, PA, 
USA). To construct the hybrid vector containing antisense 
hTR, as shown in Figure la, the cDNA of hTR was isolated 
from the plasmid pGRN83 by Mlu\ and IZcoRW double 
digestion. The 605 bp Mhd/ BcoRV fragment was purified and 
blunt-ended by K lenow. The fragment was then inserted into 
the Klenow-blunied unique Notl site of pAdEl CMVITREX- 
neo to generate pAdT (vAd-AAV-antisense hTR) by T4 ligase. 
The successful insertion of the 605 bp cDNA fragment was 
confirmed by EcoRX digestion and the antisense orientation of 
the insert was conlirmed by lIind\\\jSal\ digestion (Wang ei al.^ 
1997a). 

Generate recombinant viral partic/cs 

To obtain the recombinant hybrid virus encoding antisense 
hTR, 293 cells were cotransfected with each of the hybrid 
shuttle vector pAd El CM VITREXneo or pAdT and plasmid 
pBHGll, using lipofectamine (Invitrogen) according to 
protocol provided by the manufacturer. pBHGI I is a plasmid 
DNA carrying Ad 5 sequences with deletions in El region (0.5- 
3.7 mu) and E3 region (77-86.2 mu), which was kindly 
provided by Dr fu Shan Wang of the University of 
Pennsylvania (Li ct al., 2000). Five days after transfeclion, 
the crude cell lysate were harvested, serially diluted, and used 
to infect 293 cells followed by G418 selection. Cell lysate was 
harvested from the plates where the cytopalhic effect (CPE) 



was clearly detected (Zhang and Tong, 2001). After two more 
rounds of selection, live viral particles were amplified and the 
virus titer was determined in the range of 6.2-7.8 x 10** PFU/ml 
(plague-forming unit). The structural identity of viral DNA 
was confirmed by restriction enzyme digestion as shown in 
Figure lb (Zhang and Tong, 2001). 

Infect MCF-7 cells with vAd-AA V and vAdT-AA V 

MCF-7 cells were plated at a density of 5 x IC cells/ml in T-75 
flasks 1 day before, and infected with recombinant hybrid virus 
for an hour at a multiplicity of infection (MOI) of 10, 20 and 
100. Fresh culture medium was added to the infected cell 
culture for 48 h, and then cells were selected under G418 
(400//g/ml, Promega, Madison, WI, USA). After selection for 
3 weeks, resistant colonies were counted, and colonies were 
picked and analysed for the hybrid virus integration with 
antisense hTR. In total, 15 colonies from the infected MCF-7 
cells with appropriate virus integration were pooled for further 
experiments. These pooled cells were designated as MCF-7/ 
anti-hTR (infected with vAdT-AAV) and MCF-7/control 
(infected with vAd-AAV), respectively. All cell lines were 
maintained in the complete DMEM medium under G418 
selection. 

Genomic DNA hybridization 

Genomic DNA was extracted from cells using a DNA 
extraction kit (Stratagene, La Jolla, CA, USA). DNA (30 /ig) 
was digested with the restriction enzyme EcoR\, extracted once 
with phenol/chloroform (1 : 1), ethanol precipitated, and 
resuspended in TE buffer. Digested DNA was quantified by 
fiuorometry and lO^ig DNA was run in a O.Syo agarose gel in 
0.5 X Tris-Borate-EDTA (TBE) buffer at 1 V/cm overnight. 
The gels were denatured for 30-60 min in 0.5 m NaOH and 
1 .5 M NaCL and neutralized for 30-60 min in 1 M Tris-HCl (pH 
8.0) and 1.5 m NaCl. Following overnight transferring, the 
blots were dried at 60°C for 2h, and hybridized with probes 
labeled with [a-^^P]dCTP (Promega) by priming with random 
oligonucleotide (Prime-a-Gene Labehng System, Promega). 
After stringent washing, blots were exposed to Kodak XAR-5 
X-ray film at -70'^C for 48 h. 

Northern blot analysis 

Total RNA was extracted with TRIZOL reagent following the 
manufacturer's protocol (Invitrogen). Total RNA (15^ig) was 
elect rophoresed on a formaldehyde-agarose denature gel 
(1% agarose gel containing 2.2mol/l formaldehyde), trans- 
ferred to a nylon membrane (Hybond-N, Amersham Life 
Science, Buckinghamshire, England), and hybridized with 
[a-'-P]dCTP-labeled human antisense hTR cDNA and j5-actin 
probes (Prime-a-Gene Labeling system, Promega). The mem- 
brane was exposed to a Kodak XAR-5 X-ray film at — 80°C. 

Telomerase assay (TRAP, telomere repeat amplification 
protocol ) 

MCF-7 cells were seeded at lO** cells/ml and incubated 
overnight al 37''C. Cells were washed once in phosphate- 
buffered saline (PBS) and homogenized in 50 p\ of ice-cold lysis 
buffer (iOmM Tris-HCl (pH7.5), 1 mM MgClz, 1 mM EGTA, 
O.l mM PMSF, 5mM /i-mercaptoethanol, 0.5% CHAPS, 10% 
glycerol). After 30 min incubation on ice, the lysates were 
cenirifuged at 100 000 for 30 min at 4°C, and the supernatant 
was rapidly frozen and stored at -80°C. The protein was 
quantified using the BioRad Protein Assay (BioRad, Hercules, 
CA. USA), and an aliquot of 5 /ig/^il of protein was used for 



Oncogene 



Gene delivery of antisense hlR suppresses breast cancer cells 

X Zhang et al 



each telomerase assay. The extract was assayed in 50 ml of 
reaction mixture containing 20mM Tris-HCl (pH 8.3), 1.5 mM 
MgCb, 63mM KCl, 0.05% Tween-20, 1 mM EGTA, 50 /iM 
dNTP, 0.1 /ig of primerl (y-AATCCGTCGAGCAGAGTT- 
3'), 1 of T4 gene 32 protein, and two units of Taq DNA 
polymerase (Promega). After lOmin incubation at room 
temperature for telonierase-mediated extension of the primerl, 
O.I /ig of primer 2 (5'-CCCTTACCCTTACCCTTACCCTTA- 
3') was added. The reaction mixture was then subjected to 
PGR amplification in a thermal cycler with 30 cycles at 94°C 
for 30 s, 50°C for 30 s, and 12°C for 1 .5 min. The PGR product 
was electrophoresed on a 12% polyacrylaniide gel in 0.5 x 
TBE. Gels were stained by 0.1% AgN03 (Promega). 

Telomere length analysis 

Blots containing genomic DNA were prepared as described in 
'Genomic DNA hybridization' and hybridized to end-labeled 
telomeric oligonucleotide probe pP-(TTAGGG)4]. After 
washing, the blots were autoradiographed on Kodak XAR-5 
X-ray film for 12-24h at room temperature. To calculate the 
telomere restriction fragment (TRF) length, the gel images 
were scanned with a densitometer and the data were analysed 
as described (Harley cr al., 1990). The mean TRF length was 
defined as: l(ODy)/£(OD,/L;), where CD, is the densitometer 
output and L, is the length of the DNA at position /. This 
method takes into account the greater intensity of signals from 
larger fragment. The amount of telomeric DNA was calculated 
by integrating the volume of each smear in ImageQuant 
software (Molecular Dynamics, Sunnyvale, CA, USA). 

Cell morphology. proHj'cvation assay, and soft agar colony assay 

For cell morphology, 3 x 10^' cells from PDIO were plated in 
60 mm tissue culture dishes for 3 days, and microphotographed 
under the phase contrast DMIL microscopy (Leica Micro- 
systems Ltd, Germany), with magnihcation of 100-fold. For 
cell proliferation, 3 x lO"* cells were plated in each 35mm tissue 
culture dishes, arid six replicate dishes were used for each time 
point. For every 12 h, cells were trypsinized, and counted using 
heniocytometer. Data were presented as the mean plus s.d. 
from the six rephcates, and the statistical significance was 
calculated by student's ^-test. In soft agar colony assay. 500 
cells were suspended in 0.3% agar in DMEM with 10%) FBS, 
and plated on lop of 0.6% agar in 35 mm dishes. Cells were 
allowed to grow in soft agar in 37°C CO2 incubator for 3 
weeks. The numbers of quadruplicate colonies were counted 
and calculated, and statistical significance was tested by 
student's r-test. 

DNA flow cytomcny 

Single-cell suspensions were harvested from monolayer cul- 
tures after cells were treated with 0.02% EDTA and 0.25% 
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trypsin (Sigma, St Lois, MO, USA). Harvested cells were fixed 
and permeabtized with ice-cold ethanol for 12h. After treating 
the cells with lOO/ig/ml RNase A (Sigma) at 37°C for 30 min, 
DNA content was determined by staining with propidium 
iodide (PI, Sigma) at 1 //g/ml with 0.1% Triton for 30 min. The 
fluorescence intensity was measured by collecting 10000 cells 
using FACScan flowcytometry system (Becton-Dickinson, San 
Jose, CA, USA). Cell cycle distributions were analysed using 
Cell Fit software (Becton-Dickinson, San Jose, CA, USA). 



DNA fragmentation assay 

The cultured cells were treated with NaBu (5mmol/l, Osaka 
Co, Japan) or adapted into serum-free culture medium for the 
indicated time points. After washing with PBS, cells were 
scraped, and cell pellets were collected by low-speed centrifu- 
gation. The cell pellets were resuspended in lysis buffer 
(iOmmol/1 Tris-HCl, pHS.O, 0.1 mmoi/1 EDTA, RNase A, 
20//g/ml, and 0.5% SDS), and incubated at 37°C for 1 h. Then 
protease K was added to the cell suspension at final 
concentration of 100/^g/ml and incubated for 3 h at 50°C. 
DNA was extracted three times with phenol saturated with 
lOOmmol/1 Tris-HCl buffer (pH 7.4), precipitated from the 
aqueous phase with ammonium acetate and ethanol at -20°C, 
washed with 75% ethanol, and dissolved in Tris-EDTA (TE) 
buffer. RNA-free DNA was obtained by 20^g/ml of RNase 
digestion for 1 h at 37°C followed by phenol extraction twice. 
A measure of i 0 of each DNA was electrophoresed on a 1 %> 
argarose gel containing ethidium bromide in TE buffer run at 
20V for 14 h iit room temperature. Gels were visualized under 
the UV light and photographed. 
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